I. General introduction
Bacteria can be subdivided on the basis of the structure of the cell envelope into Gram-negative and Gram-positive. The cell envelope of Gram-negative bacteria is composed of a cytoplasmic membrane, a peptidoglycan layer, and an outer membrane that contains lipopolysaccharides (LPS) at its outer surface [1] . Gram-positive bacteria lack the outer membrane (and LPS), but the peptidoglycan layer is usually much thicker. Many eubacteria and archaea are also surrounded by a proteinaceous crystalline surface layer (S-layer) which then forms the outermost component of the cell envelope [2] . The outer membrane of Gram-negative bacteria functions as a molecular sieve through which molecules with a molecular mass > 600-1000 Da cannot penetrate, and the hydrophilic LPS layer may form a barrier for lipophilic compounds [1, 3] . However, the cytoplasmic membrane is responsible for the major screening of the cytoplasm from the environment, and determines to a large extent the entrance and exit of compounds to and from the cytoplasm.
The cytoplasmic membrane contains specific carrier molecules or transport proteins that allow the selective uptake and excretion of solutes. In addition to its role in solute transport, the cytoplasmic membrane plays a crucial role in the maintenance of the energy status of the cell [4] , the regulation of the intracellular milieu [5] , the turgor pressure [6] and other membrane-linked energy transducing processes. As will be discussed below many of the cellular homeostatic mechanisms are directly linked to solute transport, since the uptake or excretion of molecules requires in most cases metabolic energy and the transport processes can be affected by the energy status of the cell [7] , the intracellular pH [8] and/or the medium osmolarity [9] . Major components of the cytoplasmic membrane are the lipid molecules which expose their polar head groups to the water phases and their apolar fatty acid tails to each other, thereby creating a barrier for most solutes. The lipid bilayer forms a matrix in which energy-transducing enzymes/carrier proteins are embedded and by which specific solute concentration gradients can be generated and maintained. The diversity of systems which can translocate solutes across the bacterial cytoplasmic membrane has recently been reviewed [10] .
Bacterial transporters usually utilize primary (light or chemical energy) or secondary energy (the free energy present in specific ion gradients or substrateproduct gradients, see below), or chemically modify the substrate as part of the translocation process; a few catalyze facilitated diffusion. On the basis of these differences, three types of bacterial transport system can be discriminated. (i) Primary transport systems convert light or chemical energy into electrochemical energy, i.e., solute or ion-concentration gradients; to this class of transport systems belong the electron transfer chains (utilizing redox energy), the photosynthetic cyclic electron transfer chains (utilizing light energy), the light-driven ion pumps bacterio-and halorhodopsin, the sodium ion transporting decarboxylases, and the ATP-driven transport systems. (ii) Secondary transport systems utilize the electrochemical energy of one solute to drive the translocation of another solute; in some cases secondary transport occurs without coupling ion (solute). (iii) Group translocation systems couple the translocation of a solute to the chemical modification of the solute resulting in the release of a modified solute at the other side of the membrane; the only group translocation systems found in bacteria are the phosphoenolpyruvate:sugar phosphotransferase systems (PTS).
In this review, only secondary transport processes are discussed, with emphasis on the diversity of the transport mechanisms, and the structural and functional properties of the protein molecules. This includes: (i) biochemical and biophysical analyses of purified carrier proteins, and their functional reconstitution into proteoliposomes; (ii) topographic information about carrier molecules obtained from antibody mapping, proteolytic cleavage studies, sequence comparisons and hydropathy analyses, gene fusion studies, analyses of second-site revertants, and studies employing photoactivatable probes and amino acid residue specific reagents; (iii) information obtained from 'selected' and 'site-directed' mutants; and (iv) the regulation of activity of the secondary carrier molecules.
Although a number of reviews on secondary transport proteins have appeared in the past few years, many of these writings are restricted to discussing properties of a single (type of) carrier molecule [11] [12] [13] [14] [15] , while others focus on structural information and evolutionary relationships between polypeptides on basis of sequence similarities [16] [17] [18] [19] or specific aspects of carrier functions [20, 21] . The present paper serves as a comprehensive review on the diversity of secondary carrier mechanisms in the bacterial kingdom. Only a limited number of secondary solute transporters have been analyzed in great detail to date (see below), and these mechanisms serve to illustrate the current state of art of secondary solute transport.
The lactose transport protein (LacY) of Escherichia coli is the most extensively studied bacterial transport system, and a great deal of our knowledge about secondary solute transport has been inferred from this galactoside-proton symporter. Other secondary transporters, about which significant information is available, that will he discussed in more detail in this review include: the melibiose carrier protein (MelB) of E. coli, the sodium-coupled proline carrier protein (PutP) of E. coli, the sodium-proton antiporter (NhaA) of E. coli, the transposon Tnl0-encoded metal-tetracycline/ proton antiporter (TetA), the sugar phosphate/ phosphate antiporter (UhpT) of E. coli (and Lactococcus lactis) , and the chimeric galactoside transport protein (LacS) of Streptococcus thermophilus.
II. Secondary transport mechanisms
In secondary transport, the free energy for accumulation of a solute is supplied by (electro)chemical gradients of other solutes (including ions). As a result, energy of the (electro)chemical gradient of one solute is converted into the energy of the (electro)chemical gradient of another solute. Three general categories of secondary transport systems can be distinguished in bacteria ( Fig. 1) [22, 23] . When solute transport is mediated by a carrier protein and the movement of the solute is independent of any coupling ion (solute), the transport is indicated as uniport. When a transport protein mediates the coupled movement of two (or more) solutes in the same direction, the transport process is indicated as symport, or cotransport. In this type of transport the (electro-)chemical gradient of one solute (usually proton or sodium ion) is used to drive the uphill transport of the other solute. Since the translocation reaction catalyzed by secondary transport systems is reversible, the solute concentration gradient may, in special cases, drive the movement of the proton (or sodium ion). In fermentative bacteria, that have to excrete large amounts of metabolic end-products (e.g., lactate, succinate), the end-product gradients may exceed the electrochemical proton (or sodium ion) gradi- ent and, as a result, efflux of these solutes in symport with protons (or sodium ions) will generate metabolic energy [24] . Antiport (or countertransport) refers to the coupled movements of solutes in opposing directions. Since the solutes transported by secondary transport systems can be neutral, negatively or positively charged, and different numbers of solutes may be co-or countertransported, the driving forces on these processes may differ considerably. Below 10 examples of such different secondary transport processes are given and the energetic consequences are discussed (Fig. 1) . In the transport mechanisms 3 to 9 the transport of a solute (A) is coupled to the movement of proton(s). It should be realized that in the last decade more and more transport systems have been identified that use sodium ions rather than protons as coupling ion [25] . In those systems the chemical sodium gradient (A/ZNa/F or ZApNa, in which F represents the Faraday constant; Z = 2.3RT/F) instead of the chemical proton gradient (AI.tH/F or ZApH) provides a driving force * Transport systems in which protons and sodium ions are cotransported with a solute have also been described, and in these systems ZApH, ZzipNa and membrane potential (zigt) may act as driving forces. The different forces for the various modes of secondary transport of a solute A are indicated in Fig. 1 . Fig. 1-2) This type of transport can be expected for uptake of cationic substrates (A ÷) or efflux of anionic molecules (B-). The driving force of electrogenic solute uniport is supplied by the AtZA/F (or ZApA) plus m times the A~, in which m represents the number of positive charges of the solute A. Examples are lysine and arginine uptake in Bacillus stearotherrnophilus [26] , and low-affinity K + uptake in R. capsulatus [27] . Although solid evidence is lacking, it is also believed that Ca 2+ enters the bacterial cell by means of an electrophoretic uniporter [28] . As far as we are aware, exit uniport of negatively charged solutes has not been described for bacteria.
II-A. Electrogenic solute uniport (

II-B. Electroneutral solute uniport (Fig. 1-1)
The driving force of this process is supplied by the chemical gradient of the solute (ziIZA/F or ZzipA). The best-known example of this type of uniport is the glycerol facilitator (GlpF) of E. coli [29] . Glycerol uptake is followed by glycerol kinase catalyzed conversion to sn-glycerol 3-phosphate [30] . This allows downhill influx of glycerol that is sufficiently fast for an efficient metabolism. Since glycerol is highly membrane permeable active accumulation of the solute could lead to passive outward diffusion of glycerol down its concentration gradient thereby creating a futile cycle. The GIpF protein has been described as a cytoplasmic membrane 'channel' which also facilitates the passage of polyhydric alcohols such as ribitol and erythritol as well as unrelated small molecules like urea and glycine [31] . The postulated facilitator function of GIpF has recently been questioned, because passive diffusion of glycerol across the cytoplasmic membrane is not rate-limiting for phosphorylation in a GlpF-mutant [32] . On the basis of these observations it has been suggested that GIpF acts as an activator of glycerol kinase (GlpK), although the role of GIpF in facilitating transport has not been refuted. Another example of electroneutral uniport is the glucose transport system of Zymomonas mobilis [33, 34] . Despite these examples, solute uniport in bacteria has not been well documented, but may also occur less frequently than in eukaryotic cells [35] . Fig. 1-3 , 1-4, 1-6, 1-7) In experiments to date, solute uptake in bacteria often occurs in symport with a proton or sodium ion.
II-C. Electrogenic solute-cation symport (
Since the solute can be neutral, anionic or cationic, the A~ component of the proton (or sodium) motive force will contribute differently to the driving forces of these processes. For uptake of a neutral solute the electrical (zi~) and chemical (AIz~I/F= ZApH or A~Na/F= ZapNa) component of the cation (proton or sodium) motive force each contribute once to the total driving force ( Fig. 1-3 ), whereas for a cationic solute with m charges the ziq' contributes (m + 1) times and ApH (or ApNa) 1 time ( Fig. 1-4) . Electrogenic uptake of neutral solutes in bacteria has been shown for sugars and amino acids [11, 16, [36] [37] [38] [39] . Electrogenic cationic solute-proton (or sodium ion) symport has been observed for the uptake of arginine and lysine in a number of bacteria [11, [40] [41] [42] . For electrogenie anionproton (or sodium ion) symport two extremes exist, i.e., the ziqt may oppose or contribute to the driving force ( Fig. 1-6 and Fig. 1-7 ). The first case ( Fig. 1-6 ) has been shown for the uptake of malate in Lactococcus lactis which is transported as the dianionic species in symport with a proton (or transported as monoanionic malate, malateH-). Under conditions of equal A~ and zipH no accumulation of malate is observed, however, upon dissipation of the A~, uphill transport can be detected [43] . Since a zi~ (inside negative) exerts a counterforce on the uptake of malate (malate2-/H + symport or malateH-uniport), dissipation of this A~ results in an increase of the net force on the uptake process despite a lowering of the total protonmotive force (zip; zip = A ~rt +/F = zirt t -ZZIpH, expressed in mV). The second case ( Fig. 1-7 ) involves the uptake of citrate in Klebsiella pneumoniae which is transported as the dianionic species in symport with three protons, and to which the zi~ and zipH contribute as driving forces [42] . The zipH component of the zip has a far greater influence on the uptake of citrate than the A~ since more protons than net charges are translocated. Electrogenic anionic solute-cation symport has been observed in various bacterial species for the transport of phosphate, glutamate, aspartate, mono-and dicarboxylic acids, and tricarboxylic acid cycle intermediates [11, 36, 39, [43] [44] [45] [46] .
Solute-cation symport has been found in all bacteria examined, although the cation preference may differ from system to system and species to species. E. coli uses both protons and sodium ions as coupling ions for the uptake of sugars, amino acids and other nutrients [e.g., lactose-H + (LacY), galactose-H + (GalP), arabinose-H + (AraE), xylose-H + (XylE), proline-H + (ProP), proline-Na + (PutP), serine-Na +, glutamate-Na + (GItS), glutamate-H + (GltP), a-ketoglutarate-H + (KgtP), pantothenate-Na + (PanF)] [11, 16, [46] [47] [48] [49] [50] [51] . Unique examples are the melibiose carrier (MelB) of E. coli and the alanine carrier protein (Acp) of thermophilic bacterium PS3 which can choose among protons and sodium ions for the uphill movement of solutes [13, 52, 53] , and these may actually represent intermediate stages in the evolution from H + to Na ÷ energetics or vice versa. MelB of K~ pneumoniae can utilize either H + or Li ÷ as coupling ion [54] . In Lactococcus lactis the symport systems studied so far use protons as coupling ion [8, 39] . For Bacillus stearothermophilus electrogenic uptake of glutamate with a proton plus sodium ion has been described [26, 55] . Sodium ion is the predominant cation for solute transport in the examined alkaliphilic, halophilic, thermophilic and marine bacteria. In general, bacteria that live in extreme environments, in which it is difficult to maintain a high Ap, predominantly use Na + as coupling ion [56] [57] [58] .
An organism that may exclusively use sodium as coupling ion for secondary transport is Clostridium fervidus [42, 59] . A survey of sodium-coupled transport in bacteria has recently been given [25] .
Several reports dealing with the bioenergetics of solute transport have not considered transport with high affinity for Na + (K M < 10/zM) *. Since contaminating concentrations of Na + in buffers often exceed 50/zM stimulation of transport upon addition of Na + may not be observed [26, 60] , and sodium coupling may not be revealed. A feature of several sodium-coupled carriers is the inhibition of transport by high concentrations of sodium ions (> 10 mM) [42, 48, 60] . Since similar inhibitions have been observed for the uptake of glycine, aspartate, phenylalanine and cysteine in E.
coli [61] , it has been suggested that transport of these amino acids may also be coupled to sodium ions rather than to protons [48] . Inhibition of sodium-dependent transport by high concentrations of sodium ions may result from the inhibition of the net release of the sodium ion(s) on the inner surface of the membrane. Although some sodium-coupled transport systems have apparent transport affinity constants (K~ p) for Na + in the/zmolar range (proline and serine in E. coli, glutamate in B. stearothermophilus), in other cases the t,-app values are in the millimolar range, e.g., citrate transport in K~ pneumoniae [62] , amino acid transport in Streptococcus boris and C. fervidus [38, 42] , and sodium * Secondary transport processes often involve two (or more)-substrate reactions, e.g., symport of solute and cation(s). In the steady state kinetics of a ordered two-substrate reaction, the 'apparent' Michaelis constant (K~ p) of one substrate depends on the concentration of the other. Thus for solute-cation symport, the 'true' K M for the solute is only obtained at saturating levels of the cation and vice versa. A distinction between 'true' and 'apparent' can also be made for the determination of the dissociation constants (K D and K~ p~') in equilibrium binding measurements. The discrimination between 'true' and 'apparent' Michaelis (K M and K~ p) and dissociation (K o and K~ pD) constants will be made throughout the manuscript. It should be noted that, for most transport reactions examined, only K~ p (and K~ pp) have been determined.
coupling in these systems is much more easily recognized. Finally, glutamate uptake by E. coli has been characterized as glutamate-H+-Na + symport and detailed kinetic analyses of ligand binding and transport have been performed [63, 64] . More recently, it has been shown that the observed glutamate-H+-Na ÷ symport is the result of two activities (transport systems), i.e., GltS-mediated glutamate-Na ÷ symport [65] and GltP-mediated glutamate-H + symport [50] . A similar situation holds for proline transport in E. coli and S. typhimurium where the transport activities have been resolved to PutP-mediated proline-Na ÷ and ProPmediated proline-H ÷ symport activities [60, 66, 67] . The possibility that bacteria often possess more than one mechanism to transport a solute has to be taken into consideration when studies are performed under relatively undefined conditions, i.e., when purified proteins, defined host strains and/or cloned genes are not available.
II-D. Electroneutral solute-cation symport (Fig. 1-5)
With anionic solutes the charge of the solute may be equal to the number of protons (or sodium ions) symported. In those cases, only the chemical gradients of the species transported supply the energy for accumulation. Although conclusive evidence is lacking, transport of lactate in E. faecalis [68] and p-toluenesulfonate in Comamonas testosteroni [69] most likely occurs as electroneutral solute-cation symport. It should stressed that lactate, unlike p-toluenesulfonate, is a weak acid that may accumulate to equilibrium with the ApH independent of the presence of a carrier protein which complicates the analysis of this type of transport. The same holds true for the analysis of transport of acetate, benzoate and other weak acids that have been reported to be carrier-mediated. Fig. 1-8) Antiport systems, in general, are well suited for the excretion of undesired solutes (products) from the cytoplasm since solute effiux is directly linked to proton (or sodium ion) influx [70] . Excretion of a solute against its concentration gradient can be achieved via such mechanism. Well-known proton antiporters in bacteria are the excretion systems for Na + and Ca 2+ ions [28] . Other transport proteins that (most likely) belong to this class of excretion systems are the Ca2+/Na + antiporters in Halobacterium halobium and Bacillus sp.
II-E. Electrogenic solute~cation antiport (
A-007 [71, 72] , and many of the bacterial (multi)drug and antibiotic resistance secondary carrier proteins [10, 14] . Lysine effiux by Corynebacterium glutamicum has been proposed to occur as lysine-OH-symport [73] which is energetically similar to lysine/H + antiport. Fig. 1-9 
II-F. Electroneutral solute~cation antiport (
)
Electroneutral cation linked antiport has been observed for K+/H + in E. coli and Vibrio alginolyticus [74] [75] [76] [77] . The K+/H ÷ antiporter may play a role in the regulation of the intracellular pH [28] . Electroneutral K+/NH~-(or methylammonium) exchange may also be included in this class of transport mechanisms [78] . The metal-tetracycline effiux system encoded by transposon Tnl0 in E. coli catalyzes an electroneutral metal-tetracycline/H ÷ antiport (see also below) [79, 80] . (Fig. 1-10) This class of antiport systems catalyzes the uptake of a solute (precursor, substrate) in a coupled exchange with another solute (product). The exchanged solutes can be anions such as sugar-phosphate/phosphate [81] , oxalate/formate [82] , malate/lactate [20, 43] , ATP/ ADP [83] , or cations such as arginine/ornithine [84] , agmatine/putrescine [85] , putrescine/ornithine [86] , or neutral solutes such as lactose/galactose [20] . In these exchange processes, in general, the substrate concentration gradient is directed inwards while the product concentration gradient is directed outwards. Both forces thus work together which allows a high rate of exchange. The Ap or one of its components can affect the translocation process through (de)protonation of the substrate(s) and/or through the differential charge of the individual substrates, e.g., sugar-phosphate/phosphate [87] , malate/lactate [43] , oxalate/ formate [82] , and lysine/alanine exchange [88] . Some systems catalyze precursor/product exchange or solute-H + symport, depending on the concentrations of the solutes and protons on either side of the membrane, the dissociation constants (K o) for these molecules and the magnitude of the membrane potential, e.g., lactose/galactose exchange in S. thermophilus [89] , arginine/ornithine exchange in Pseudomonas aeruginosa [90] , malate/lactate exchange in L. lactis [43] . Under physiological conditions -in vivo -the exchange reaction will normally dominate over the symport reaction [20] . In addition to the excretion of galactose by lactose metabolizing S. thermophilus (Gal-) cells, excretion of monosaccharides is frequently observed during growth on disaccharides, e.g., lactose utilization in E. coli (Gal +) [91] ; sucrose and lactose utilization in various lactic acid bacteria [20] . Evidence has also been presented for fumurate/ succinate exchange under conditions of fumarate respiration in E. coli [92] . Whether this system is a true antiporter that only catalyzes an exchange reaction or whether it can choose among alternative substrates, i.e., protons (sodium ions) or succinate, for fumarate uptake is unknown. Most precursor/product exchanges in bacteria have only been reported very re- cently suggesting that it may occur even more frequently than recognized so far [15, 20, 28, 70, 93] . For bacteria that generate limited amounts of metabolic energy from their catabolism (e.g., fermentative bacteria), the exchange processes are very attractive since no metabolic energy is needed for the translocation of precursor (substrate) and/or product. An example is the arginine deiminase pathway in which the conversion of arginine to ornithine only yields one ATP [94] . Some exchange processes actually contribute to the production of metabolic energy. Examples are oxalate/formate exchange (oxalate fermentation) in Oxalobacter formigenes [82] , malate/lactate exchange (malolactic fermentation) in L. lactis [43] , histidine/ histamine exchange in Lactobacillus buchneri [95] , and aspartate/alanine exchange in Lactobacillus sp. (Abe, K., personal communication). In these processes, the exchange reaction results in net inward movement of a negative charge or outward movement of a positive charge, leading to the generation of an electrical potential (A~, inside negative) (Fig. 2) . Furthermore, one proton is consumed intracellularly in the conversion of substrate to product and this leads to an increase of the internal pH (or generation of a pH gradient (ApH)).
II-G. Precursor~product antiport (exchange)
The resulting protonmotive force (Ap) can be used to drive energy requiring processes such as ATP-synthesis as has been demonstrated for malolactic fermentation [43] (Fig. 2) . In addition to the exchange reaction, the malate-lactate transporter also catalyzes uniport of monoanionic malate (MH-) or symport of dianionic malate (M 2-) together with a proton (see subsection II-C). Also in this process, malate uptake contributes to A~F formation, and, when lactic acid diffuses out either carrier-mediated or passively, the overall process is energetically equivalent to the exchange mechanism (Fig. 2) .
The primary sequences of the arginine/ornithine transporter (ArcD) of P. aeruginosa ([96] and the lysine/alanine transporter (LysI) of Corynebacterium glutamicum [97] display a high degree of similarity. On the basis of the homology between ArcD, LysI and a putative membrane protein (CadB), the latter protein has been proposed to be a lysine/cadaverine exchanger [98] . Lysine and cadaverine carry one and two net positive charges, respectively, and lysine/ cadaverine exchange is therefore expected to be counteracted by the membrane potential (inside negative).
Since the decarboxylation of lysine, which results in cadaverine and carbon dioxide, also consumes a proton (intracellularly), this system may actually be analogous to oxalate/formate exchange-oxalate decarboxylation in Oxalobacter formigenes [82] , malate/lactate exchange-malolactic fermentation in lactic acid bacteria [43] , and histidine/histamine exchange-histidine decarboxylation in L. buchneri [95] , and thus be involved in metabolic energy generation.
III. Nature of the coupling ion and contribution of proton dissociation/association of the solute to the driving force of transport
The observations that some transport systems use Na + and H + as coupling ion (melibiose carrier of E.
coli [13] , the alanine carrier of the thermophilic bacterium PS3 [53] , FoF1-ATPase of P. modestum [99] ) have led to the proposal that H3 O+ (steric analog of Na +) rather than H + could be the translocated species [100] . In this view, proton translocation does not take place via a hydrogen-bonded chain of (de)protonable groups ('proton wire'), but cations (n3 O+ or Na ÷) interact with the enzyme through coordination to oxygen and/or nitrogen atoms, which mimics the binding and translocation of the solute. Thus, the translocated proton is covalently linked to a water molecule rather than bound to an amino acid residue. Both extremes for proton translocation can, in principle, be combined by assuming that initially an H30 + molecule interacts with the protein, followed by transfer of the proton from the complexed H3 O+ to a protonatable group of the transporter. A mechanism for proton (cation) translocation which involves hydronium (cat)ion coordination can explain competition between protons and sodium ions. Also an evolution from protonics to sodium ionics can be more easily envisaged when protons and sodium ions use a similar translocation mechanism. The high degree of similarity in the primary structures (approximately 60% amino acid identity) of the glutamate-H+-Na + symport system (GItT) of B. stearothermophilus and the glutamate-H + symport system (GItP) of E. coli fits well in this view [101] . Other examples of homologous proteins with differences in coupling ion are the citrate-H + symporter (CitP) of L.
lactis and the citrate-H+-Na + symporter (CitS) of K. pneumoniae [62] , and the melibiose carriers (MelB) of E. coli, S. typhimurium and K. pneumoniae and the galactoside-H + symporters (LacS) of Streptococcus thermophilus and Lactobacillus bulgaricus [54, 102, 103, 104, 105] .
In the analyses of the driving forces of secondary transport processes only the forces to which the carrier proteins respond have been considered (Section II; see also Fig. 1 ). The driving force on transport of an acid or base across the membrane will also be affected by the proton dissociation/association on the in-and outside. The particular acid or base will accumulate to equilibrium with the driving force to which the carrier mechanism responds as any non-protonatable molecule, but the total acid or base concentrations internally and externally will also be affected by the pH gradient (difference in acid/base equilibria). The different buffering of the transported particle on either side of the membrane in the presence of a ApH will lead to additional accumulation of the substrate which can be expressed as an additional driving force that takes the form: extra driving force = n • ApH -~ log i=I [H+lin + KJ~ in which p represents the total number of protonatable groups, which is transported as the n-fold protonated species (n <p); E denotes the summation over all protonatable groups, with K~ as the acid dissociation constant of group number i. When the proton concentrations internally and externally are negligibly small compared to the K~,, e.g., when both internal and external pH are at least one unit above all pK~, then the extra driving force is simply n.ApH. The system then behaves as if the protons on the transported species are part of the carrier mechanism. Conversely, for a base, when the pK~, values are above the internal and external pH, the extra driving force will become (n -p).ApH. 
IV. Structure of secondary transport proteins
IV-A. Primary sequence and secondary structure
From the known primary structures of secondary transport proteins it is evident that these systems have less structural complexity than, for instance, the ATPases or the phosphoenolpyruvate:sugar phosphotransferase systems [10] . The molecular masses of most of these proteins fall in the range 40-55 kDa [16] . Hydropathy analyses of the primary sequences has indicated that the secondary carriers consist of a hydrophobic polypeptide which traverses the cytoplasmic membrane in a zig-zag manner. It has been proposed that the generic secondary structure of the carrier proteins consists of 2 times 6 (or 5) transmembrane a-helices that are separated by a relatively large cytoplasmic loop [16, 106, 107] (Fig. 3 ). An a-helical configuration of LacY is supported by circular dichroic studies [108] , Laser Raman spectroscopy [109] and Fourier transform infrared spectroscopy [11] ; however, using the same data set, partial/3-sheet structures have also been suggested [110] . A 12-helix motif of LacY [111] , MelB [112] , TetA [113] , UhpT [114] , and several other transport proteins is supported by phoA fusion analyses [115] . For LacY and TetA, the presence of 12 transmembrane segments is further supported by limited proteolysis, immunological analyses and chemical modification studies [11, 113] . On the basis of hydropathy prediction methods and various topographic studies, secondary structure models have been built. Common features of most of these models are ( Fig. 3 ): (i) Twelve hydrophobic domains in a-helical configuration traverse the membrane in a zig-zag fashion. (ii) The hydrophobic domains exhibit a mean length of about 20 amino acids, which is sufficient to span the membrane bilayer. (iii) Usually a few of the hydrophobic domains are amphipathic helices (Fig. 4) . (iv) The hydrophobic membrane spanning domains are connected by hydrophilic loops. (v) The hydrophilic loops on the cytoplasmic side of the membrane are usually longer than those on the outside [111] [112] [113] [114] . (vi) A relatively large cytoplasmic loop separates the helices I-VI from helices VII-XII. (vii) A surplus of positively charged amino acid residues (Arg, Lys and His) is found in cytoplasmic loops (the 'positive inside' rule [116, 117] ). (viii) Only a few charged residues are present in membrane spanning segments, and these may be tolerated in these hydrophobic regions by forming salt bridges that are energetically more favourable than the presence of the 'free' polar side-chains (see subsection IV-B) or by forming part of a hydrophilic pocket that interacts with the ligand(s) (see Section VII). (ix) In most cases the amino-and carboxy-termini are on the cytoplasmic side of the membrane. (x) Certain sequence motifs (see below) are duplicated in the amino-and carboxy-terminal halves of the proteins.
Prokaryotic secondary carrier proteins which differ significantly from the majority of the proteins analyzed so far are the efflux systems shown (proposed) to be involved in multiple drug resistance in Staphylococcus aureus, E. coli, Pseudomonas aeruginosa, Proteus vulgaris and Agrobacterium tumefaciens [118] [119] [120] [121] . These proteins are composed of approximately 100 amino acids, instead of the 400-500 of the other carrier proteins, and span the membrane most likely four times. Also the rhamnose carrier proteins (RhaT) of E. coli and S. typhimurium form exceptions to the model presented in Fig. 3 . These proteins are predicted to have 10 transmembrane segments with the amino-and carboxy-termini on the outside (Ref. 122; Henderson, 13 P.J.F., personal communication). The glycerol facilitator (GIpF) of E. coli is composed of 277 amino acids for which hydropathy plots reveal six putative membrane spanning segments [123, 124] . Other deviating and interesting structures form the lactose transport proteins (LacS) of Streptococcus thermophilus and Lactobacillus bulgaricus [102, 103] . These proteins are composed of a carrier domain with most likely 12 transmembrane a-helices [125] , and a carboxy terminal hydrophilic domain of approximately 180 amino acids that is homologous to the IIA protein(s) (domains) of the phosphoenolpyruvate: sugar phosphotransferase systems (PTS) (see Section VIII).
By analyzing the primary sequences of many transport proteins from prokaryotic and eukaryotic origin, that differ in substrate specificity, direction of transport, coupling ion and mechanism of transport, similarities have been detected suggestive of a common ancestral gene for all of these proteins [18] . In addition, various highly conserved sequence motifs have been observed, such as the 'R/K-X-G,R-R/K' or the extended 'G-X-X-X-D-R/K-X-G-R-R/K' motif in cytoplasmic loops of several transport proteins that is predicted to form a /3-turn structure (see below) [16, 126, 127] . These motifs have been observed in the polypeptides despite the fact that homology searches places several of these transporters in different families. Similarities in the sequences of the amino-and carboxy-terminal halves of various secondary transpo~ proteins suggests that the 12 a-helical polypeptides may have been formed from internal sequence duplications.
The role of the 'G-X-X-X-D-R/K-X-G-R-R/K' motif in the tetracycline antiporter protein (TetA) of E. coli has been analyzed in detail following mutagenesis of each of the residues in the motif present in interhelix loop 2-3 [127] . The motif G62-K-M-S-D66-R-F-G69-RT0-R is also present in a somewhat modified form in interhelix loop 8-9. Significant reduction or complete loss of transport activity is observed upon substitution of Gly-62, Asp-66, GIy-69 and Arg-70, whereas expression of the mutant proteins is unaffected. Defects following substitution of Gly-62 and Gly-69 corresponded with steric hindrance of the substituents in the putative/3-turn structure of this region. The requirement of a positive charge at position 70 follows from the observations that substitutions other than R70K are totally devoid of activity [127] . Similarly, position 66 requires a negative charge since transport activity is completely lost upon substitution to Asn, whereas the D66E mutant retains activity at 10% of the wild-type level [128, 129] . Mutagenesis of interhelix loop 8-9, i.e., G266-R-I-A-T-K271-W-G273-E274-K275, suggests that this region may have a similar structural role in TetA as the interhelix loop 2-3 [130] . In contrast to the negative charge at position 66 and the positive charge at position 70 in interhelix loop 2-3, none of the residues in interhelix loop 8-9 are essential for transport activity. On basis of these experiments it has been proposed that loop 2-3 forms an 'active' leaflet in TetA, while loop 8-9 forms the 'silent' counterpart in the second halve of the molecule [130] .
The role of the interhelix loops of LacY have been analyzed upon disruption by insertion of two or six contiguous histidine residues [131] . The results indicate that disruption of the hydrophilic domains 2-3,8-9 and 9-10 markedly affects transport, whereas disruption of the other interhelix loops is essentially without effect. Interhelix loops 2-3 and 8-9 correspond to cytoplasmic regions between putative a-helices II-III and VIII-IX, respectively (Fig. 3) . It is important to stress that in
, whereas a similar but more diffuse motif is present in interhelix loop 8-9. These results and those on the homologous sequences in interhelix loops 2-3 and 8-9 of TetA indicate that the conserved R/KXGRR/K (or GXXXXR/ KXGRR/K) motifs [16, 126, 127, 130] are structurally and to some extent functionally important in the secondary carrier proteins. Interhelix loop 9-10 of LacY corresponds with a periplasmic region between ahelices IX-X which may be close to some 'translocation-site' residues (see Section VII).
-~Although prolyl residues are thought to play an important role in the structure and function of many proteins [132] , and despite the fact that proline residues are relatively abundant in the transmembrane segments of polytopic membrane proteins [133, 134] , sitedirected mutagenesis of these residues does not indicate an essential role for the prolines in the lactose carrier protein of E. coli. Neither cis/trans isomerization of the peptide bond preceding proline nor possible structural discontinuities, 'kinks', in the transmembrane a-helical domains due to the presence of proline residues appear to be important for membrane insertion, stability and activity of LacY [135, 136] .
IV-B. Tertiary structure
Until the first transport protein has been crystallized, or perhaps structural information has been obtained from two-dimensional or multi-dimensional Nuclear Magnetic Resonance spectroscopy, information about the three-dimensional structures can only be gathered from indirect methods. In principle, it should be possible to determine the structure of parts of the transport proteins (a few transmembrane segments) by two-dimensional or multidimensional NMR [137] , provided these segments can be expressed and purified to homogeneity in sufficient quantities and retain their native configuration. Structure information on overlapping parts of these proteins, from which possibly significant information on the three-dimensonal structure of the entire protein can be obtained, could lead to an enormous advancement of our understanding of secondary solute transport mechanisms.
Proteins have been constructed in which the individual tryptophan residues have been replaced by phenylalanine and in which single tryptophans have been engineered at selected positions [138] . Information about the environment around single tryptophan residues can be obtained from the fluorescence emission spectrum and from fluorescence quenching by using quenchers of different polarity and size. Similarly, single cysteine containing proteins labelled with sulfhydryl specific spectroscopic probes can be used for examining static and dynamic aspects of carrier structures and functions [139] [140] [141] . In addition, fluorescence energy transfer between single tryptophans and fluorescent labeled single cysteines can provide information about distances between residues within the protein and reveal interactions of neighboring a-helices [142] . Various groups have directed their research in this direction and significant results are soon to be expected.
Important information about the interaction of specific domains of LacY has recently been obtained from the analyses of second-site revertants. King et al. [143] were the first to isolate second-site revertants of Asp-237 (D237) and Lys-358 (K358) in the lactose carrier of E. coli. Mutagenesis of each of these residues results in a defect in transport. Second-site revertants of D237N had a mutation that converted Lys-358 to Gln-358, whereas revertants of K358T contained a neutral amino acid (Asn, Gly or Tyr) at position 237. The second-site revertants exhibit galactoside accumulation and have activities that are 30-60% the rate of the wild-type [143] . From these studies it is concluded that Asp-237 (helix VII) and Lys-358 (helix XI) are closely juxtaposed in the three-dimensional structure, and possibly form a charge-neutralizing salt bridge. From similar studies Asp-240 (helix VII) and Lys-319 (helix X) are thought to interact with each other in the three-dimensional structure of LacY [144, 145] . Whether Asp-237, Asp-240, Lys-319 and Lys-358 or the salt bridges per se are required for transport activity or that perhaps the salt bridges are folding intermediates that play a role in the maturation of LacY is unclear. However, some evidence has been presented that indicates that at least the interaction between Asp-237 and Lys-358 is also present in the mature protein. A single cysteine mutant with Cys at position 237, which is virtually inactive, is restored to full activity upon carboxymethylation with iodoacetic acid thereby compensating the positive charge (Lys) at position 358 [146] . Iodoacetamide which is uncharged does not restore the activity of the D237C mutant. By allowing lipophilic and lipophobic sulfhydryl reagents to react with single cysteines at position 237 and 358, and analysis of the inactivation of the lactose transport protein, indications have obtained that the residues at these positions are within the membrane bilayer but close to the membrane/water interface at the outer surface of the membrane [146] .
Finally, it should be stressed that each of the substitutions for Asp-237, Asp-240, Lys-319 and Lys-358 also result in marked changes in sugar recognition [144] . Several mutants isolated on the basis of altered sugar specificity have amino acid substitutions at or nearby one of these charged residues, indicating that the possible salt bridges form part of the sugar recognition site (see below).
IV-C. Quaternary structure
The association state of the secondary transporters in the membrane is often not known. Over the years evidence has been presented which indicates that the subunit structure of LacY is either monomeric or dimeric [11] . In case of LacY a monomeric state in the membrane is supported by rotational diffusion measurements [141] , by freeze-fracture electron microscopy of purified LacY reconstituted into proteoliposomes, and by a linear dependence of the initial rate of transport with protein/phospholipid in the range at which statistically 0 to 3 molecules of LacY are present per (proteo)liposome [147] . Evidence for a LacY protein that functions as dimer has been obtained from radiation inactivation studies [148] . These studies indicated that Lacy protein dimerizes in the presence of Ap, a conclusion that is not supported by other experiments that address the oligomeric state of the protein in the membrane. Taking the various data as a whole, the monomeric state of Lacy is most likely sufficient for complete function of the transport protein [11] . A monomeric state in the membrane of UhpT is supported by gel permeation chromatography of the detergent solubilized protein and the relationship between activity and varying ratios of protein per proteoliposome [149] .
Some mitochondrial and chloroplast antiporters are thought to have 6 (or 7) transmembrane segments. However, there is good evidence that these proteins function in the dimeric state which would also make a total of 12 transmembrane a-helices as the 'functional unit' [107] . On the basis of the quaternary structures of LacY, UhpT and the transporters of the eukaryotic organelles, it is tempting to speculate that the bacterial drug efflux systems, that are composed of most likely four transmembrane spanning segments, are actually functioning in the trimeric state. Along the same line of reasoning, the GlpF protein with 6 putative transmembrane a-helices may function as a dimer.
IV-D. Assembly and membrane insertion
Primarily based on work with the LacY protein, evidence is accumulating that the transmembrane ahelical segments together with adjacent amino-terminal cytoplasmic regions form structurally stable domains that independently contain the information necessary for insertion into membrane [150, 151] . This suggests that the individual domains can organize themselves in the two-dimensional plane of the membrane to form an active carrier protein. Support for this proposal follows from the reconstitution of functional Lacy protein from the simultaneous expression of amino-and carboxy-terminal halves of the polypeptide, and from pairs of genetically engineered carrier molecules from which different helical domains have been deleted [152, 153] . Expression of the individual fragments yields polypeptides that are relatively unstable and exhibit no transport activity.
Amino-and carboxy-terminal deletions in the LacY and MelB proteins have been made to assess the role of these regions in the proper insertion of the proteins into the membrane and correct assembly to functional transporters. The first 22 amino acids of LacY, corresponding with the N-terminal half of the first putative transmembrane a-helix, are not essential for either membrane insertion or transport activity [154] . Sequential deletions and amino acid substitutions at the carboxy-terminus indicate that the residues of transmembrane a-helix XII are required for proper folding and protection against proteolytic degradation [155] [156] [157] . A similar conclusion is drawn from the analyses of carboxy-terminal deletions of the melibiose carrier protein (MelB) of E. coli [158] . The carboxy-terminal IIA domain of the lactose transport protein (LacS) of S. thermophilus can be removed without effect on transport activity. Deletions that extend into twelfth putative transmembrane a-helix of LacS are totally devoid of activity and the protein cannot be detected in the membrane anymore (Poolman, B., unpublished results).
The function of the hydrophobic segments of the polytopic (multiple crossings of the cytoplasmic membrane) membrane proteins is to span the membrane while the cytoplasmic hydrophilic loops with the positively charged residues provide anchors which determine the orientation of the transmembrane segments. It has been suggested that hydrophobic proteins are prevented from aggregation in the cytoplasm in vivo by a mechanism which avoids the release of nascent polypeptides from the ribosome until the membrane insertion process has been initiated [159] . The mechanism, however, by which polytopic membrane proteins insert into the cytoplasmic membrane is far from understood. It has been proposed that membrane proteins containing periplasmic regions (loops) longer than 60-70 amino acids are dependent on the Sec secretion machinery, or at least these portions of the polypeptides, while smaller periplasmic domains do not require Sec [160] . If this is true, it would mean that most (or perhaps all) secondary transport proteins insert into the cytoplasmic membrane and assemble independent of Sec.
With the exception of the M13 phage coat protein, integral proteins of the cytoplasmic membrane are made without cleavable signal sequences. The membrane targeting sequences for such proteins are present in internal uncleaved segments [151, 161, 162] . Most likely multiple export signals are present throughout the membrane proteins [151, 163] . Although experimental data point to a Sec-dependence for membrane insertion of polytopic membrane proteins, the involvement of individual Sec-components (or a subset of the 6 Sec proteins SecA, SecB, SecD, SecE, SecF and SecY) and the energy requirements of the process are far from clear [164] .
In a study of the in vitro membrane assembly of the LacY protein it has been shown that the protein aggregates in the absence of membranes, but that it can integrate posttranslationally into membranes in an enzymatically active conformation independent of a Ap [159, 165] . Membrane insertion independent of Ap in an in vitro assay has also been suggested for the IICBA protein (MtlA) of the mannitol PTS of E. coli [166] .
On the basis of in vivo labeling, cell fractionation and assessment of integral membrane anchoring in wild-type and secY mutant strains, it has been suggested that the LacY protein requires functional SecY for integration into the membrarje [167] . On the other hand, membrane insertion of Lacy independent of SecA and SecY has also been reported [168] . Employing a cell-free protein synthesis-membrane insertion system, it has been suggested that the MtlA protein inserts into the membrane independent of SecA and SecB, but that the integration requires SecY [166] . The MalF component of the binding protein dependent maltose transport system has been shown to insert into the membrane when SecA and SecD functions are impaired, either by mutation or by inhibition of SecA with azide [169] . Overall, these studies indicate that polytopic membrane (transport) proteins do require some components (SecY/SecE?) of the Sec-translocation machinery, in contrast to, for instance, M13 procoat which inserts Sec-independent. Other Sec components such as SecA, SecB and SecD, necessary for secretion of periplasmic and outer membrane proteins, may not always be essential. By recalling that the E. coli leader peptidase can switch from a Sec-dependent to a Sec-independent membrane insertion mechanism simply by adding a few positively charged lysine residues to the amino-terminal region [170] , one could envisage that differences in requirement for Sec components may exist among the complex polytopic membrane proteins. Table I summarizes the basic features of some secondary transport proteins that are discussed in more detail below. Properties related to the substrate and/or ion specificities as well as data on the kinetic mechanisms of transport are treated in this section.
V. Catalytic properties
The secondary transport systems described catalyze two-substrate reactions, i.e., symport or antiport of substrate and co-/counter substrate (Table I) , and for most of these systems kinetic parameters have been reported. The steady state kinetics of these two-substrate reactions are described by the Michaelis constants (K M) for the substrate and co-/counter substrate, provided the kinetic parameters are determined at saturating levels of the other substrate. The kinetic information of these secondary transporters serves as basis to which the properties of the corresponding mutants can be compared (Section VII). Unfortunately, kinetic parameters of transport (and binding) of the mutant proteins are most often presented in terms of apparent affinity constants ~. ' "M(ICapp, K~ pp and K~ pp, i.e., the parameters are inferred from conditions where, for instance, the second substrate is not saturating, which limits the information that is obtained from the 'kinetic' analysis. Conditions under which all substrates are saturating may be difficult to achieve, especially for proton-linked transport systems, since relatively minor variations in the pH may not only affect the kinetic performance of the enzyme through changes in proton concentration but may also modulate the activity through conformational changes of the protein etc. In principle, 'true' K M and K o can be extrapolated from measurements in a limited range of substrate (e.g., proton) concentrations [16] , but this type of analysis has not frequently been carried out. The maximal rate of transport (Vma x) is defined as the product of kca t (turnover number) and enzyme (transporter) concentration. Since the kinetic analysis of most transporters has been carried out with crude membrane preparations or intact cells, the enzyme concentrations are not always known and 'activities' are expressed as Vm~ x. In many cases, however, antibodies are available to estimate the relative amounts (expression) of the proteins, and these data together with the Vma x values have been used to evaluate changes in kca t (Section VII).
A careful and complete kinetic analysis of wild-type and mutant transport proteins is perhaps best appreciated if one considers the non-random association of mutational double-effects. As pointed out by King and Wilson [21] , single mutations often affect more than one step in the transport cycle (e.g., substrate recognition, cation recognition or substrate-cation coupling) and these effects may only be revealed by an appropriate kinetic analysis. Although the catalytic efficiency of enzymes is best expressed quantitatively as the kcat/K M ratio [170a] , information regarding substrate specifici-][," app g~pp g~pp ties is often only available as "~M , or values or relative affinities (ratio of apparent affinity constants).
V-A. Lactose transport protein (LacY) of E. coli
The lactose transport protein of E. coli catalyzes the uptake of a variety of a-and /3-galactosides in symport with 1 proton. The sugars transported include mono-, di-and trisaccharides; the K~ pp for the trisaccharide raffinose is, however, 100-fold higher than the K~ pp (or K~ p) for lactose and melibiose [171] . Lacy has a lower K~ pp for disaccharides with an a-linkage (e.g., melibiose) than for those with a /3-linkage (e.g., lactose). By using a variety of sugars (sugar analogs) as competitive inhibitors of lactose transport, the importance of the -OH groups along the galactose ring and the optimal size of the aglycone have been determined [171] . The contributions to the relative affinities are OH-3 > OH-4 > OH-6 > OH-2 > OH-1 for the galactose moiety, and hexose (= disaccharide), benzene ring > methyl group > no aglycone (= monosaccharide) >> [172] . Only the second NPG binding site is implicated in the catalytic cycle of LacY, whereas the first one (K o = 16 /.~M) is assumed to play a regulatory role. Biphasic kinetics has also been observed for the exchange and lactose-H + symport reactions of LacY, in which case the high-and low-affinity states may correspond with the catalytic and regulatory site, respectively [173] . The analysis of the substrate specificity of LacY described in the previous paragraph does not take into account the possibility of two sugar binding sites.
The steps minimally involved in carrier-mediated solute-proton symport are shown in Fig. 5 . The scheme shows binding of ligand (L) and proton (H ÷) on one surface of the membrane, followed by isomerization of the ternary carrier-ligand-proton (CLH) complex to a form on the other surface of the membrane. The ligand and proton are released in the trans compartment, and the unloaded carrier (C) isomerizes to the initial state. In principle, binding and release of ligand and proton can be random; however, in case of LacY there is evidence that efflux occurs by an ordered mechanism involving release of lactose first (step 2') and proton last (step 1') [174] [175] [176] [177] . Thus, effiux proceeds as (5' ~ 4' (or 5 ~ 4)~ 3 ~ 2'~ 1'~ 6 (Fig. 5) . The order of association/dissociation of ligand and proton on the inner surface has not been specified. The maximal rate of lactose efflux increases sigmoidally with increasing pH. Since exit of labeled lactose is independent of pH when an equimolar concentration of unlabeled lactose is present in the outside medium (equilibrium exchange), it is assumed that either deprotonation on the external surface (step 1') or the isomerization step 6 (return of the unloaded carrier) is rate-limiting for efflux. In case of exchange, dissociation of ([14C])lactose on the outer surface is followed by rebinding of ([12C])lactose rather than by release of the proton (step 1'), and the translocation reaction may proceed via steps 2'~ 3 ~ 4' (or 4 followed by 5). Thus, under conditions of saturating concentrations of lactose on the outside, lactose exits via the forward and backward steps of the reaction scheme as indicated by 4' (or 5 ~ 4) ~ 3 ~ 2' ~ 3 --* 4' (or 4 ~ 5) (Fig. 5) , without net movement of protons. Further mechanistic studies have indicated that lactose efflux down a concentration gradient is affected by A~ (inhibited by AV, inside negative; stimulated by A~, inside positive) whereas exchange is not. On basis of these and other experiments it has been concluded that the membrane potential acts on the isomerization of the unloaded carrier (step 6). Moreover, since a solvent deuterium isotope effect is observed for efflux and facilitated influx, but not for A~-driven uptake [177] , it has been suggested that transport solely driven by the concentration gradient is largely rate-limited by the deprotonation steps, i.e., step 1' for efflux and step 5' (or 4, depending on the order of association/dissociation on the inner surface) for influx. In the presence of a proton gradient (zip) the rate-limitation is distributed over steps not involving the release of the proton [11] . As observed in the galactoside binding studies, there may be more than one proton association/dissociation reaction taking place during facilitated influx and efflux. By analyzing the effects of varying the pH of the external and internal medium on lactose influx and efflux, inhibition by trans protons with competitive and non-competitive contributions has been observed [178, 179] . This indicates that in addition to catalytic protonation sites, i.e., those that attribute to the association/dissociation of the symported proton, other protonatable groups are affected. Since the charge on the protein will vary with pH, this may have led to conformational and/or activity changes. In general, such 'non-catalytic' effects are likely to take place in physiological ranges of pH, which complicates the kinetic analysis of H+-linked transporters.
V-B. Melibiose transport protein (MelB) of E. coli
The substrate specificity of the melibiose and lactose transport proteins of E. coli largely overlap, but the relative affinities of both galactoside transporters for different sugars vary. However, both carrier proteins differ significantly with regard to the specificity for the coupling ion. The specificity for the symported [54] . 4 (H + ), weak coupling of TMG coupled proton uptake has recently been reported [54] . 5 (Li + ), Li+ coupling has not directly been tested, but is likely to take place.
cation of MelB is determined by the configuration of the transported sugar (Table II) , whereas galactoside transport by LacY is always coupled to protons. The primary structures of the MelB proteins from E. coli and S. typhimurium are 85% identical [105] , whereas the amino acid identity between MelB from E. coli and K. pneumoniae is 78% [54] . Despite the high identity scores between these homologous proteins, their preferred cation couplings to sugar uptake differ significantly (Table II) . Since mechanistic studies on MelB-mediated transport have been performed mainly on the melibiose carrier protein of E. coli, properties of MelB refer to the E. coli protein unless indicated otherwise.
The galactoside analog p-nitrophenyl-a-D-galactopyranoside (aNPG) is transported via MelB in syrnport with either Na + or H + and is competitively replaced by the physiological substrate melibiose, aNPG has frequently been used to monitor the sugar binding activity of MelB since the carrier protein has a relatively low K D for the sugar analog [180, 181] . The apparent dissociation constants (K~ p°) for aNPG decrease with increasing Na + and Li + concentrations without effect on the maximal number of binding sites. The activation of aNPG binding by these ions is inhibited by increasing H + concentrations, suggesting that Na + (or Li +) and H ÷ compete for a common cation binding site. The true KD(NPG) in the presence of H + is 20-fold higher than in the presence of Na+, indicating a less efficient activation of sugar binding by protons. This is also reflected in higher ~capv values for .tx M H + coupled transport reactions [182] . The competitive behaviour of the cations in the sugar binding assays is consistent with the inhibition of sugar induced proton uptake by sodium ions. The facililated diffusion reactions catalyzed by MelB, for simplicity only cation-linked melibiose transport is discussed, are characterized by the following (Fig. 6 ) [183, 184] : (i) The Vma x of melibiose efflux down a concentration gradient exceeds the Vma x of influx down a concentration gradient irrespective/of the coupling ion, indicating that the carrier~ctions asymmetrically. (ii) Efflux and influxa~ melibiose are accompanied stoichiometrically with movement of sodium ions, whereas exchange exit of melibiose is not accompanied with net Na ÷ flux (Fig. 6 ). This suggests that sugar and cation release on the inside are sequential and in the order sugar first and cation last, and that exchange proceeds without dissociation/association of Na ÷. (iii) Na ÷ and Li ÷ coupled influx of labeled sugar is stimulated by the presence of sugar in the trans compartment, i.e., the Vma x of exchange and counterflow exceed the Vma x of influx. (iv) The I/ma x of H ÷ coupled influx down a concentration gradient is much greater than that of Na ÷ (or Li ÷) coupled influx, indicating that protons dissociate faster than Na ÷ (or Li÷). In fact, the Vma x of H ÷ coupled influx is similar to the Vma x of exchange in the presence of H ÷, indicating that cation (proton) release is not rate-limiting under these conditions. The kinetic parameters of the different facilitated diffusion reactions suggest that Na + release on the inner surface of the membrane is a major rate-limiting step. (v) The Vm~ x of exchange in the presence of H ÷ and Na ÷ is faster than in the presence of Li÷, indicating that the rate of sugar release varies with the coupling cation or that the rate of translocation of the ternary complex is dependent on the transported cation. If one assumes that the rate of release of sugar in the inner compartment is determined by the stability of the ternary Carrier-Substrate-Cation (CSC #) complex, to which both substrate and cation binding will contribute, then the stability of CSC # increases in the order H+< Na+< Li ÷, and thus the rates of influx and exchange decrease in this order.
Finally, Na ÷ (or Li ÷) and H ÷ coupled influx are affected differently by the A!F. A A~ (inside negative) decreases the V~ pp for H ÷ coupled uptake, but specifically increases the Vm~ x for Na ÷ (or Li ÷) coupled transport [182] . The results can be explained by assuming that A!/' affects the stability of the CSC ~' complex, which results in an increase of the rates of dissociation of the cations for Na ÷ and Li ÷ coupled uptake (Vma x effect) in the presence of A~. By assuming that sugar influx during H ÷ coupled transport is rate-limited by the dissociation of the sugar, and not by the release of the H ÷, acceleration of the H ÷ dissociation by Ag, may have no effect on the Vma x. Rather the shift in equilibrium towards the unloaded carrier form could allow a more frequent reorientation of the unloaded carrier to the outer surface of the membrane, which is reflected by an increased apparent affinity for the sugar in the presence of a Agr (inside negative).
V-C. Lactose transport protein (LacS) of S. thermophilus
As far as the substrate specificity of LacS has been analyzed, the sugar preference is similar to that of LacY and MelB. The relative affinity of LacS for the sugars differs somewhat, i.e., the apparent affinity constants for transport (K~ o) increase in the order galactose < TMG < melibiose < lactose < raffinose (Poolman et al., 1992a; unpublished results). Apparently, the smaller the aglycone moiety attached to galactose the higher the affinity. The i/ //¢,,'app increases in the • max/"=ffi M order galactose < TMG < melibiose < lactose, suggesting that the LacS protein has the highest catalytic efficiency for lactose.
The kinetic scheme shown in Fig. 5 is appropriate to describe the reactions taking place during LacS-mediated transport. An apparent difference between LacS and LacY is the pH dependence of the exchange reaction catalyzed by LacS, whereas LacY-mediated exchange has been reported to be independent of pH between 5.5 to 10.5 [177] . The rate of exchange increases sigmoidally upto pH 7 with a pK A of about 6; above pH 7 the exchange rate decreases with a pK A of about 8 [89] . Raising the internal pH relative to the external pH affects the exchange reaction differently at low and high pH values. A ApH (interior alkaline) stimulates exchange at pH 6 and below, has virtually no effect at pH 7, and inhibits at pH 8 and above. These results have been evaluated in terms of random and ordered association/dissociation of galactoside and proton on the inner surface of the membrane, and are consistent with a mechanism in which the binding of ligand occurs first and proton last (Fig. 5, step 5 ~ 4) . Similar to the LacY protein, the rate of LacS-mediated efflux is decreased by A~ (inside negative), whereas the exchange reaction is unaffected, indicating that the unloaded carrier (C) carries a net negative charge and that during exchange the carrier recycles in the protonated form (CSH).
The exchange reaction in particular is relevant for the function of LacS in vivo. S. thermophilus is only able to utilize the glucose moiety of lactose and excretes the galactose part stoichiometrically into the medium [20] . By deleting the lacS gene from the chromosome, it has been shown that lactose uptake and galactose excretion are facilitated by LacS (Knol, J., Mollet, B. and Poolman, B., unpublished results), and kinetic data indicate that this transport occurs predominantly as lactose/galactose exchange.
V-D. Proline transport protein (PutP) of E. coli
The analysis of the energy coupling mechanism of the PutP (proline porter I) system of E. coli and S. typhimurium has long been complicated by a multiplicity of transport systems with overlapping specificities, and the presence of concentrations of Na + exceeding the KM(Na +) in buffers considered to be devoid of Na + [185] [186] [187] . Now, it has been well established that PutP mediates proline uptake in symport with either Na + or Li + [47, 60, 188] . The PutP protein of E. coli has a relatively high affinity for proline (K o ~ 3 /~M and K M < 1 /~M; in the presence of saturating Na+); the K~ pp and --Mt"aPP for Na + (in the presence of 1 /~M proline) are 10 mM and ~ 30/zM, respectively [189] . The PutP protein is highly specific for proline, in contrast to the proton linked proline transporter ProP (proline porter II). The ProP protein transports proline (K~ p > 100 /zM), but also glycine betaine [190] , and this system participates in the osmotic stress response of E. coli [191] . An interesting property of ProP is the reversible activation by a hyperosmotic shift which allows cells to respond rapidly (q/2 ~ 1 min) to changes in the medium osmolarity [66] . The activation of ProP by an osmotic upshift has been demonstrated in intact cells and membrane vesicles. Analysis of the primary sequence of ProP has revealed the presence of an a-helical coiled coil at the carboxy-terminus of the protein (191a) . The unusual features of this carboxyterminal extension suggest a mechanism for the (osmo)regulation of the ProP activity. A third, binding protein-dependent, proline/glycine betaine transport system (proline porter III, proU locus) is induced about 400-fold upon an osmotic upshift giving rise to a slow genetically regulated osmotic response [192] .
V-E. Metal-tetracycline/H ÷ antiporter (TetA) of E. coli
Tetracycline resistance in E. coli and related Gram-negative bacteria is mediated by members of a family of related tet genes [193] . Resistance to tetracyline occurs by three known mechanisms: (i) energy-dependent efflux of tetracyline from the cell, (ii) ribosome protection, and (iii) inactivation of tetracycline. Of the tetracycline efflux systems, the one encoded by transposon Tnl0 (class B) has been characterized at the molecular level of transport. Transposon-Tnl0-mediated tetracycline resistance protein (TetA) confers a high tetracycline resistance to cells by excreting the antibioticum. Although tetracycline is largely anionic at neutral pH, the excretion of tetracyline occurs by means of an electroneutral exchange with a proton [194] . It has been shown that exit of tetracycline actually occurs as a chelate with a divalent cation which satisfies the observed electroneutral exchange with a single proton [79, 80] . The TetA protein, thus, facilitates the exchange of the monocationic chelation complex metaltetracycline for 1 H ÷. The degree of stimulation of tetracycline transport by divalent cations showed the following order: Co2+> Mn2+> Mg2+> Cd2+> Ca 2+, and parallels the values for the dissociation constants of tetracycline-metal chelate complexes [79] . Cotransport of tetracycline and 6°Co2+ has been demonstrated in inside-out membrane vesicles of E. coli bearing the TetA protein.
The TetA protein is homologous to a large number of transport proteins, including various sugar-H + symporters, the mammalian (facilitated diffusion) glucose transporters and anion-H + symporters [18] , as well as a number of bacterial multidrug and antibiotic efflux proteins [18,194a,194b] . Similar to the TetA proteins, the multidrug and antibiotic efflux systems excrete their substrates most likely by means of H+-linked antiport.
V-F. Na + / H ÷ antiporter (NhaA) of E. coli
Growing cells maintain an inwardly directed sodium concentration gradient and a relatively constant intracellular pH at around neutrality. For this purpose bacterial cells possess Na + extrusion systems of which the Na +/H + antiporter (NhaA) of E. coli is relatively best characterized. NhaA catalyzes the eleetrogenic exchange of one sodium ion for two protons [195] . Although the antiporter has been proposed to be electroneutral below a certain pH and electrogenic above that pH value, it is quite clear that this apparent change in stoichiometry is the result of the presence of a second Na+/H ÷ antiporter system and the low activity of NhaA below pH 7 [196] [197] [198] [199] . The other antiporter in E. coti that specifically exchanges Na ÷ (or Li ÷) for H ÷ is NhaB [200, 201] . NhaB was identified as the residual antiporter activity, specific to Na ÷ and Li ÷, after nhaA had been deleted from the chromosome [200] . The activity of NhaB is independent of pH [200, 202] , but the actual Na+/H ÷ stoichiometry of the exchange reaction is unknown at present. Since the variations in the apparent Na+/H + stoichiometry in membrane vesicles and cells, expressing both NhaA and NhaB [203, 204] , parallel the pH dependence of NhaA [196, 197, 199] , an electroneutral exchange by NhaB would be most consistent with the observed stoichiometries.
V-G. Sugar-phosphate ~phosphate antiporter (UhpT) of E. coli
The discovery of phosphate/sugar 6-phosphate antiport in L. lactis [15, 205] has led to a re-evaluation and re-examination of similar systems in other bacteria. For instance, the hexose 6-phosphate, glycerol 3-phosphate and 3-phosphoglycerate transporters of a number of bacteria have been demonstrated to be anion-linked antiporters [15, 28, 206] . The uptake of sugar phosphates (e.g., glucose 6-phosphate) by E. coli has initially been described as sugar phosphate-H + symport [207, 208] . In these studies the transport of glucose 6-phosphate was analyzed in membrane vesicles that were prepared in the presence of phosphate, and most likely exhibited sugar 6-phosphate/ phosphate exchange. These studies were further complicated by the presence of a Ap-driven phosphate transport system [45] which, altogether, resulted in an incorrect analysis of the transport mechanism. The hexose 6-phosphate (UhpT) and glycerol 3-phosphate (GIpT) antiporters of E. coli, and the 3-phosphoglycerate (PgtP) antiporter of Salmonella typhymurium show a high degree of similarity in the primary structure of the proteins [209] .
The features of the sugar 6-phosphate/phosphate antiporter (UhpT) of E. coli are the following [15, 210, 211] : (i) The system catalyzes homologous and heterologous exchange of phosphate and sugar 6-phosphates. (ii) Substrate specificity studies on UhpT have shown that arsenate can replace phosphate, and that the -~Mk' aPP (or K~ pp) for the organic sugar phosphates are in the order: 2-deoxyglucose 6-phosphate < mannose 6-phosphate < glucose 6-phosphate, fructose 6-phosphate < glucosamine 6-phosphate << others. (iii). The Vm~ of homologous phosphate exchange is approximately 5-fold faster than the Vma x of heterologous exchange. (iv) The system favours monovalent phosphate and selects randomly among the available monoand divalent sugar 6-phosphates. (vi) The exchange is electroneutral under all conditions. To maintain elec-troneutrality during heterologous exchange, the antiport system translocates phosphate/sugar 6-phosphate with a pH-dependent variable stoichiometry. At pH 7.0 (0.9 pH units above the pK 2 of glucose 6-phosphate) the carrier catalyzes exchange of two molecules of monovalent phosphate for one molecule of divalent glucose 6-phosphate, whereas at pH 5.2 (0.9 pH units below the pK 2 of glucose 6-phosphate) the exchange corresponds with one molecule of monovalent phosphate for one molecule of monovalent glucose 6-phosphate. This aspect, however, has best been documented for the phosphate/sugar 6-phosphate antiporter of L. lactis [87] , but is most likely also true for UhpT. (vii) UhpT requires a rather high ionic strength (0.3 M KC1) for maximal activity, a phenomenon that has not yet been explained.
VI. Purification and reconstitution
VIA. Reconstitution and lipid requirement
An often applied method for the reconstitution of transport proteins is based on n-octyl fl-o-glucopyranoside (octyl glucoside) solubilization of membrane vesicles and removal of detergent by dilution or dialysis [212, 213] . The method has been refined by adding phospholipids [214] and stabilants (osmolytes, often glycerol) [215] during the solubilization. The method can be improved further by using a defined lipid composition during the solubilization step [216] . The presence of stabilants and (specific) phospholipids may protect the carrier proteins against denaturation by preventing delipidation. Furthermore, high concentrations of stabilants may be favourable for the exposure of the relatively hydrophobic surfaces of the membrane proteins which in turn may stabilize the native conformation of the protein.
Although alternative protocols have been devised [217, 218] , the basic method outlined above has been most successful for the reconstitution of several secondary transport proteins, i.e., the lactose transport protein (LacY), the melibiose transport protein (MelB), the arabinose transport protein (AraE), the proline carrier protein (PutP), the anion-linked antiporters (UhpT, GIpT, PgtP), and the galactose transport protein (GalP) of E. coli [188, 210, 214, 215, 219, 220] , the hexose phosphate/phosphate antiporter of L. lactis [221] , the arginine/ornithine antiporter of L. lactis [84] , the lactose transport protein (LacS) of S. thermophilus [89] , the branched amino acid carriers of L. lactis [216] and P. aeruginosa [37] , the alanine carrier proteins of thermophilic bacterium PS3 [222] and Nitrosomonas europaea [223] , and the oxalate/formate antiporter (OxlT) of O. formigenes [224] .
The phospholipid requirements for functional reconstitution have been determined for a number of these carrier proteins. The branched amino acid carrier protein of L. lactis requires the presence of acidic phospholipids during the solubilization step, e.g., phosphatidylglycerol (PG), cardiolipin, phosphatidylserine (PS) or phosphatidylinositol (PI), whereas aminophospholipids, e.g., phosphatidylethanolamine (PE) or PS (or glycolipids), have to be present in the proteoliposomes for maximal acitivity [216, 225] . The lipid requirement in the solubilization step appears more pronounced for zip-driven uptake than for leucine counterflow activity. A similar observation has been made for the Lacy protein of E. coli in which case the Ap-driven uptake requires a high concentration of PE whereas the counterflow activity is hardly affected by the lipid environment [226] . Full activity of the lactose carrier is obtained with PE or PS but not with PG or PC [227] . A comparable phospholipid requirement has been shown for the melibiose transport protein of E. coli [219] . The requirement for aminophospholipids of the leucine carrier of L. lactis, the lactose and melibiose carrier proteins of E. coli suggests that hydrogen bonds between the polar head groups of the lipids and the carrier molecules keep the proteins in their active conformation. Unlike these transporters, the leucine carrier of P. aeruginosa is activated by PE or PG, but not by PC [228] . For the leucine carrier proteins of L. lactis and P. aeruginosa maximal activities have been observed with phospholipids with an acyl chain length of about 18, indicating that also the bilayer thickness is contributing to important lipid-protein interactions [229, 230] . Mismatches between the thickness of the hydrophobic a-helices of the membrane proteins and the lipid bilayer are energetically unfavourable (exposure of hydrophobic residues to the water phase). Such mismatches can be minimized by conformational changes in the membrane proteins and/or by changes in the packing of the lipid bilayer, which in turn may have affected the activity of the leucine transporters.
The effect of the degree of unsaturation of the phospholipid acyl chains has been analyzed for leucine transport in hybrid membranes of L. lactis [231] . Although the transport rate decreased with increasing number of double bonds, the effect has been attributed to an increased passive permeability of the membranes for leucine rather than to an effect on the carrier protein.
VI-B. Purification
Although several transport proteins have been solubilized and functionally reconstituted into proteoliposomes only LacY, PutP, NhaA of E. coli, OxlT of 0. formigenes and the alanine carrier protein of thermophilic bacterium PS3 have been purified to a high degree of homogenity and, subsequently, incorporated into liposomes. In each case, successful isolation and purification has been achieved following significant (over)expression of the proteins, i.e., to at least 5% of the total membrane protein. A number of E. coli sugar transport proteins, the arabinose (AraE), xylose (XylE), fucose (FucP) and galactose (GalP) proton-symporters, have been overexpressed to levels that vary between 5-50% of the cytoplasmic membrane protein (Refs. 16,232; Henderson, P.J.F., unpublished results), which should enable purification and further characterization of the proteins.
The E. coli LacY protein has been purified to > 95% purity by differential solubilization and ion-exchange chromatography [233, 234] . Additional chromatography steps improved the purity of LacY [235] [236] [237] , and various detergents and phospholipids have been used to stabilize the activity of the protein [179] . Functional characterization of the purified lactose transport protein has shown that a single polypeptide with an apparent molecular mass of 33 kilodaltons is sufficient to catalyze galactoside-H + symport and all other modes of faciliated diffusion reported in studies with membrane vesicles or intact cells [177, 179, 234, 235, 238] . Moreover, the apparent affinity constants for transport and the turnover numbers of Ap-driven transport, facilitated diffusion, efflux and counterflow are similar for proteoliposomes reconstituted with purified Lacy and membrane vesicles [11, 239] . Finally, purified LacY reconstituted in dimyristoylphosphatidylcholine liposomes exhibits counterflow activity only at temperatures above the lipid phase transition temperature [240] , indicating that the bilayer lipids must be in the fluid state.
The E. coli proline carrier protein PutP has been purified as a bifunctionally active membrane-bound fusion protein [241, 242] . By fusing putP to lacZ ([3-galactosidase gene) via a collagen linker the fusion protein could be hydrolyzed by collagenase treatment, following solubilization from membrane vesicles and adsorption to anti-[3-galactosidase IgG Sepharose [242] . In this way, the proline carrier has been purified to > 95%. Purified PutP catalyzes electrogenic Na+-proline symport with kinetic parameters similar to those observed in membrane vesicles [242] .
The Na÷/H ÷ antiporter (NhaA) of E. coli has been purified by hydroxylapatite and anion exchange chromatography [199] . The purified and reconstituted protein exhibits electrogenic Na+/H ÷ exchange both at acidic and alkaline pH values. Sodium efflux from these proteoliposomes increases more than 1000-fold when the pH is increased from 6.5 to 8.5. This property discriminates NhaA from NhaB which catalyzes Na +/H ÷ exchange independent of pH [200] . The purified NhaA protein has a turnover number of about 1500 s -1 for downhill Na + efflux [199] which is approximately two orders of magnitude higher than effiux (or exchange) mediated by LacY under optimal conditions [11] .
The oxalate/formate antiporter (OxlT) of O. formigenes has been purified by sequential use of anion and cation exchange chromatography [243] . The detergent solubilized protein appears to be highly labile in the unliganded form [224] . The inactivation of OxlT can be prevented by including high concentrations of substrate (10 mM potassium-oxalate) in the buffers, used during the solubilization and chromatography steps. In fact, the thermal lability of unliganded OxlT has been used to determine substrate dissociation constants by analyzing the inactivation of OxlT in the absence and presence of varying concentrations of substrate, and by assuming that unliganded and liganded OxlT are at equilibrium [224] . Similar to NhaA, OxlT also catalyzes exchange with a turnover number of at least 1000 s-1. Since the K D for the OxlT-oxalate complex is 20/zM, the kcat/g D ratio becomes 5.107 M-is -1 which is close to the limits of a diffusion limited process (about 108-109 M-is-l). Purified and reconstituted OxlT catalyzes in addition to homologous exchange of oxalate and formate also heterologous oxalate/formate exchange. This latter process is electrogenic, as has been shown in proteoliposomes obtained from crude detergent-solubilized membrane extracts [82] .
The alanine carrier protein (Acp) of the thermophilic bacterium PS3 has been purified through ion-exchange and hydroxylapatite chromatography [53, 222] . The purified and reconstituted protein couples alanine uptake to the cotransport of either proton or sodium ions, similar to that reported for galactoside uptake by the melibiose carrier protein of E. coli [244] .
Almost without exception, the (purified) secondary carrier proteins migrate in sodium dodecyl sulfatepolyacrylamide gels with an apparent molecular mass that is less than predicted from the calculated molecular mass on basis of the DNA sequence. The discrepancy between the calculated and the estimated molecular masses is probably due to the abnormally high binding of sodium dodecyl sulfate to these hydrophobic proteins.
VII. Functional domains and catalytic residues
To identify residues that are important for catalytic function of secondary transport proteins extensive random and site-directed mutagenesis has been performed on the LacY, MelB, PutP, NhaA, TetA and GalP proteins of E. coli and the LacS protein of S. thermophilus. Only those residues that have been shown to be important for catalytic and/or regulatory function will be discussed. The kinetic characterization of the mutant proteins is often restricted to the determination of "' M1raPP (or K~PP), while expression levels have been estimated with the aid of Western analysis or by dert-23 ermining the concentrations of binding sites in equilibrium binding measurements (see also the beginning of Section V). Although many mutations have not been characterized in terms of changes in kcat/gM, useful information can often be inferred from the mutants when clear cut catalytic effects are observed (e.g., uncoupling of transport) or when mutants have been selected on basis of a novel property.
VII-A. Histidine residues
It is conceivable that residues involved in proton translocation or pH sensing (regulation) undergo (de)protonation in the physiological pH range. Since histidine in solution has a pK A of about 6, histidine residues are likely to have important functions in carrier proteins. Each of the histidines of LacY, MelB, LacS, TetA and NhaA has been replaced by other residues and the catalytic activities of the mutant proteins have been analyzed. In each of these proteins a single histidine appears important, but none is essential for proton (or cation) translocation. A great deal of work has been directed towards the role of His-322 in LacY [11, 12] . This residue has been implicated in lactose-coupled H ÷ translocation and forms part of a putative proton relay [245] [246] [247] [248] [249] . The proton or charge relay mechanism assumes a role for His-322, Glu-325 (which should be on the same side of a-helix X as His-322), and Arg-302 (putative helix IX) in proton translocation, which is based on analogies with proton transfer via Asp, His and Ser in serine-type proteinases [250] . In this view, Glu-325 and His-322 are ion-paired and interact with Arg-302; Glu-325 and Arg-302 would polarize the imidazole group of His-322 which enhances its capacity to act as a proton shuttle. His-322 is poised to accept a proton from Glu-325 and subsequent transfer of this proton to Arg-302, another residue or the medium would lead to net proton translocation. A role for Arg-302 in proton translocation comes from the analysis of LacY(Arg-302) mutants which display properties similar to those of LacY(His-322) mutants [11, 248] . More recently, the role of His-322 in proton translocation has been questioned, since the requirement for an ionizable histidine residue at position 322 in LacY is not always applicable to galactoside accumulation and galactoside-dependent proton transport [251] [252] [253] [254] . Similarly, some substitutions of Arg-302, i.e., R302S and R302H, result in mutant proteins that do accumulate galactosides, albeit to lower levels, and do exhibit sugar-dependent proton transport [255] . It seems likely that Arg-302 and His-322 play an auxiliary role in proton translocation, e.g., via modulating the pK A of a nearby residue (Glu-325?), since galactoside accumulation and sugar-dependent proton uptake is highly compromised in some of the mutants and totally absent in others. The degree of uncoupling of sugar transport from H + transport not only varies with the substitution made, but also with the sugar used in the transport assay [251, 252] and other parameters such as the pH of the assay medium [254] . The role of Arg-302 and His-322 as well as nearby residues in sugar specificity will be discussed further in a separate section below.
LacS and MelB are homologous proteins with about 25% identity in their primary structures [102] and belong to a family which also includes MelB of Klebsiella pneumoniae [54] and S. typhimurium [105] , the glucuronide transporter (GusB) of E. coli (Liang, W.-S., Jefferson, R. and Henderson, P.J.F., unpublished resuits), and the xylose transporter (XylP) of Lactobacillus pentosus (Leer, R., Martena, J. and Poolman, B., unpublished results). LacY is not homologous to members of this family of transporters; however, a stretch of about 20 amino acids around His-322 in LacY can be identified in LacS (Fig. 7) . Conserved residues include a histidine (322 in LacY, 376 in LacS; arrow 3), a lysine (319 in LacY, 373 in LacS; arrow 2) and a glutamic acid (325 in LacY, 379 in LacS; arrow 4). K319 in LacY has been proposed to interact with D240 (see subsection IV-B), and preliminary experiments indicate that a basic residue at position 373 in LacS is also required for activity (Poolman, B., unpublished results). The role of the conserved glutamic acid will be discussed below. Of the 11 histidine residues present in LacS, only the His-376 substitution in the carrier domain of the protein significantly affects transport [125] . In fact, the LacS(His-376) substitutions resemble those of LacY(His-322): (i) active accumulation of galactosides is highly compromised, but can be detected under appropriate conditions; (ii) the r,-app for galactosides is altered. The histidine residue corresponding to His-376 in LacS and His-322 in Lacy is not conserved in MelB (Fig. 7) . Experiments in which the histidine residues of MelB were replaced with arginine have indicated that only His-94 is important, and that mutations at this position alter the expression and stability of the protein but not the catalytic activity [256, 257] .
A conclusion similar to the one reached for the role of His-322 in Lacy and His-376 in LacS can be made for His-257 in the tetracycline antiporter protein (TetA) of E. coli [258] . Some of the TetA(H257) mutants do have tetracycline transport activity, but without coupling to proton transport, whereas others retain significant proton translocation coupled to tetracycline transport [258] .
Recent experiments in which the histidine residues of the Na+/H + antiporter (NhaA) of E. coli were mutated to arginines have shown that none of the histidines is essential for antiport activity. However, H226R shifts the pH dependence of the antiporter to lower pH values and reversibly inactivates the protein above pH 7.5 to about 10% of wild-type activity [259] . It is proposed that His-226 is part of the pH sensor that regulates the activity of the Na+/H + antiporter.
VII-B. Glutamic acid and aspartic acid residues
A residue important for the putative H + relay of the LacY protein of E. coli is glutamic acid-325. This residue may directly participate in galactoside-coupled proton translocation since uphill transport and other translocation reactions presumed to involve (de)protonation steps are completely defective [247, 260] . Glutamic acid-325 is conserved in LacS and MelB (Fig. 7, arrow 4; positions 379 and 361, respectively). Replacing Glu-379 in LacS by a neutral amino acid, i.e., E379A and E379Q, results in defective uphill transport and loss of galactoside induced proton uptake similar as observed for the corresponding mutations in Lacy [261] . LacS and LacY with aspartic acid rather than glutamic acid at positions 379 and 325, respectively, are partly uncoupled and catalyze transport with about 20% of the activity of the wild-type. Notice that the side-chain of aspartic acid is one methylene carbon (about 1.5,~) shorter than that of glutamic acid. Efflux down a concentration gradient does occur in LacS (E379A and E379Q), but is independent of pH, whereas efflux in the corresponding LacY mutants is virtually blocked. Despite these and other differences between LacS(E379A/Q) and LacY(E325A/Q), the data indicate that Glu-379 in LacS and Glu-325 in LacY may have a similar role in the translocation process and participate directly in the proton transport. For both galactoside transporters mutagenesis of the glutamic acid only moderately affects the apparent affinity constants for sugar binding and transport. Importantly, the expression levels of the proteins are not significantly affected by the mutations. Although the glutamic acid residue equivalent to LacY(E325) and LacS(E379) is also present in MeIB, i.e., Glu-361 (Fig. 7) , substitutions at this position have effects distinct from those in LacY and LacS. MelB E361G and E361D substitutions impair galactoside uptake, but H +, Na + (or Li+)-coupled transport does occur albeit with kca t that is more than 10-fold reduced [13] . The activity of the MelB E361A mutant is dependent on the temperature at which the cells have been grown and transport has been assayed. The E361A mutant catalyzes transport with rates that decrease 5-fold upon shifting the temperature from 25 to 37°C, while the activity of the wild-type protein increases 4-fold under identical conditions. The results obtained with the Glu-361 mutants indicate that the negativelycharged glutamic acid is not required for coupled transport, but that the residue may stabilize the conformation of the protein. This result is somewhat surprising since the sequence similarity between MelB and LacS, and the relative conservation of the stretch of about 20 amino acid residues in which the Glu-361 resides, would suggest a similar catalytic function.
Conserved Residues in Carrier Domain of LacS and other Sugar Transport Proteins
Various aspartic acid residues are found in putative transmembrane segments of MelB, i.e., Asp-31 (helix I), Asp-51 and Asp-55 (helix II) and Asp-120 (helix IV) [262] . The acidic residues at position 51 and 55 are highly conserved in the MelB-LacS family, whereas aspartic acids in LacS, GusB and XyIP can also be found at positions equivalent to Asp-31 in MelB (Poolman, B., unpublished results). Asp-120 is conserved in LacS but not in GusB and XylP. The conservation of the acidic residues in helix II as well as the conserva-25 tion of an arginine (Arg-48 in MelB) makes the helix highly amphipatic in each of the homologous proteins ( Fig. 4 ; the hydrophobic moments (/~s) of t~-helices II (18-residue segments) in LacS, MelB and GusB are 0.42,0.42 and 0.38, respectively) [263] . Since the substrates of MelB, LacS, GusB and XylP are hydrophilic, part of the interior of the carrier molecules ,is also expected to be hydrophilic in order to facilitate transport. In particular, the polar faces of amphipatic helices, such as helix II in the MelB-LacS family, could interact with the solutes and/or cation(s), whereas the apolar faces could interact with the bilayer. To analyze the role of these acidic residues in the catalysis of MelB-mediated galactoside transport, each of the aspartic acids has been replaced by cysteine, asparagine, glutamate or another residue [262, [264] [265] [266] . The resuits indicate that neutral substitutions at MelB positions 51,55 and 120 lead to (i) loss of Na+-linked thiomethyl /3-D-galactoside (TMG) transport, and (ii) binding of a-and /3-galactosides independent of sodium ions [262] . With most of these mutations the amount of MelB protein in the membrane is reduced relative to membranes carrying the wild-type protein * Since the transport rates have been normalized on basis of the expression levels, the performance of wildtype and mutant proteins can be compared directly.
Loss of sodium-dependent binding and transport is also observed for MelB(D31C), but not for MelB(D31N). Furthermore, while mutations at position 55 and 120 not only affect Na ÷-, but also H+-dependent transport, MelB(D51C) still catalyzes small but significant H+-linked melibiose transport. These and other features of the mutant MelB proteins suggest that the aspartic acid residues may be at or near the cationic binding site and may participate in the coordination of the coupling cation. Quantitative analysis of the effects of H ÷ and Na ÷ (or Li ÷) on pnitrophenyl a-D-galactopyranoside (aNPG) binding indicates that these cations compete for the same cationic binding site on MelB [181] . Such a competition is perhaps more easily envisaged if H30 + rather than H ÷ is the translocated species [100] . By analogy with the interactions of H3 O+ with a tetracarboxylic 18-crown-6 ligand and Na + with dicyclohexyl 18-crown-6, of which the structures were derived from crystallographic studies [267] , the properties of the individual Asp mutants have been discussed in terms of complexation of H30 + and Na + with the aspartate residues in a-helices I, II and IV [266] . Since the interactions are likely to be different for Ha O+ and Na + [267] , differences with respect to cationic coupling of the various * The carrier protein concentrations of right-site out membrane vesicles have been estimated from the maximal number of [3H]NPG binding sites [262] .
mutants such as observed with MelB(D51C) can be expected.
As indicated above, the acidic residues at MelB positions 51 and 55 are conserved in LacS, which is known to transport galactosides exclusively with protons [89] ; the equivalent residues in LacS are Glu-67 and Asp-71. Substitution of Glu-67 by a neutral amino acid (E67Q) results in a conditionally uncoupled phenotype, i.e., galactoside accumulation is reduced to about 10% at 37°C but normal at 25°C, whereas equilibrium exchange is comparable to that of the wild-type at both temperatures (Knol, J., Fekkes, P. and Poolman, B., unpublished data). The LacS(D71N) mutant is devoid of any activity, but the nature of the defect still has to be established (either kca t or the expression level or both are reduced). These observations are consistent with those made for the equivalent substitutions in MelB. The conservation of the four acidic residues in LacS and MelB, the importance of these residues in cationic coupling of MelB-mediated transport in E. coli, and the differences in cation selectivity of both transport proteins, suggest that minor differences in the three-dimensional structures of MelB and LacS rather than specific interactions with a limited number of residues may determine the cation specificity. This conclusion is supported by recent observations that the aspartic acids in putative a-helices I, II and IV are totally conserved in the MelB proteins of E. coli, S. typhimurium and K. pneumoniae [54, 105] , whereas the cation selectivity of the transporters differs (Table II) .
In addition to helix X, containing His-322 and Glu-325, a-helix VIII of LacY also has amphipathic properties. The apolar face of helix VIII contains amino acid residues that can be mutated without much effect on lactose transport activity. These residues are on one side of the a-helix, a stripe opposite Glu-269 [268] . It is proposed that the mutable region has low information content and that the corresponding residues interact with the membrane phospholipids. The negative charge at position 269 in LacY seems essential for galactoside accumulation and lactose-dependent proton uptake.
The transposon Tnl0 TetA protein contains four charged residues in putative transmembrane segments, one of which is His-257 the histidine that is thought to play a role in metal-tetracycline coupled proton transport (see 'histidine residues'). The remaining three residues in the transmembrane regions are Asp-15, Asp-84 and Asp-285. Substitution of Asp-15 and Asp-84 for neutral amino acids affects the tcapp of tetracycline ax M transport which is consistent with the proposal that these residues form part of the substrate binding site [269] . Replacing Asp-15 in another set of experiments indicated that either a large kca t or a large "' Mt"aPP effect can be observed, depending on the substituent [270] . With each mutation, however, the t. /k-app is con~cat/~x M stant and reduced approximately 10-fold relative to the wild-type protein, indicating that Asp-15 is important for the catalytic efficiency. All Asp-285 substitutions made have lost their proton translocation activity [269] , and this residue may have a similar and essential role in H ÷ translocation like Glu-325 in LacY and Glu-379 in LacS (see above). Asp-365 which is located in the last periplasmic loop of TetA has been suggested to play a role in maintaining fl-turn structure. The role of Asp-66 which forms part of the conserved G-X-X-X-X-R-X-G-R-R of TetA is discussed in Section IV.
VII-C. Cysteine residues
The identification of LacY by labeling with N-ethylmaleimide (NEM) [271] , and subsequent studies with other specific sulfhydryl modifying and oxidizing reagents suggested a role for cysteines in the catalytic mechanism of LacY. Specifically, it has been suggested that in LacY sulfhydryl-disulfide interchange occurs either as intermediate of the respiratory chain [272] or as proton carrier that is affected by Ap-mediated redox changes [273, 274] . However, characterization of LacY mutated at each of the 8 cysteinyl residues in the molecule has demonstrated that none of the cysteines is essential for transport [275] . Even the cysteine-less LacY protein displays significant lactose-H + symport activity [276] . From the analysis of the single cysteine mutants, it has become clear that Cys-148 and Cys-154, both located in putative helix V, react with sulfhydryl oxidizing reagents. Cys-148 reacts with various sulfhydryl specific reagents, including alkylating compounds like NEM, in a substrate protectable manner, and the location of this residue has been postulated at or near a galactoside binding site [277] . The LacY(C148S) mutant is slowly inactivated by NEM in a reaction that cannot be prevented by substrate (TDG, fl-D-galactosyl 1-thio-/3-D-galactopyranoside) [278] .
Interestingly, the LacY(C148S) mutant displays monophasic (non-equilibrium exchange) kinetics with only the high affinity state for lactose, whereas the wild-type protein exhibits biphasic kinetics with both a high and low icapp [279] . The maximal rates of efflux ~tx M and exchange of the C148S mutant are about 5-fold reduced relative to the wild-type LacY protein, and high affinity binding of NPG is no longer detected in LacY(C148S). These results are consistent with the notion that the site with low affinity for lactose (and high affinity for NPG) does not participate in the catalytic cycle of the transport protein but does play a regulatory role [172, 173] . Apparently, this regulatory site disappears, at least in kinetic terms, upon substitution of Cys-148. With the LacY(Cys-154) mutants the biphasic kinetics is retained, but the K~PP's for NPG decrease with increasing hydrophobicity of the substituting amino acid, i.e., the K~ pv increases in the order Val < Gly < Cys < Ser. The data suggest that position 154 in LacY affects NPG binding by forming part of the pocket that interacts with the nitrophenyl group of the galactoside analog. This also indicates that changes in affinity for NPG not necessarily reflect changes in affinity for 'natural' sugars like lactose which limits the use of the galactoside analog in analyzing, for instance, substrate specificity mutants.
The lactose transport protein (LacS) of S. thermophilus contains a single cysteine residue (Cys-320) which can be substituted without effect on transport activity (B. Poolman, unpublished results). The wildtype LacS protein is inhibited by the lipophilic sulfhydryl reagent p-chloromercuribenzoic acid (pCMB), but not by the hydrophilic analog p-chloromercuribenzenesulfonic acid (pCMBS), suggesting that Cys-320 is not accessible from the outside of the membrane. This observation is in accordance with topographic studies on LacS [125] .
Each of three cysteinyl residues of the galactoseproton symporter (GalP) of E. coli has been substituted in order to identify the substrate protectable N-ethylmaleimide reactive residue (McDonald, T.P., Shatwell, K.P. and Henderson, P.J.F., unpublished results). Cys-374 in GalP appears responsible for reaction with NEM, but neither this residue nor the other cysteines are important for transport activity. Substitution of Cys-281 and Cys-344 with serine residues in the sodium dependent proline carrier protein (PutP) of E. coli have shown that both residues contribute to the NEM sensitivity of the transporter [280] . Since proline protects the carrier from inactivation by NEM, these two cysteines are thought to be close to the substrate binding site. Using membrane permeable and impermeable sulfhydryl specific reagents, and right-side-out and inside-out membrane vesicles, redox-sensitive (sulfhydryl) groups have been identified in the proline carrier protein at the outer and inner surface of the membrane [281] . These different locations correspond most likely with the locations (accessibilities to the reagents) of Cys-281 and Cys-344. Neither C281S nor C344S substitutions affect the proline uptake activity or the substrate specificity of PutP [280] .
VII-D. Other residues
As indicated in Section IV, proline residues in LacY have been mutated in order to assess whether the unique properties of the prolyl peptide bond, such as cis-trans isomerizations or the tendency to disrupt ahelices, play a role in transport. However, such specific effects have not been observed with the LacY Pro mutants [135, 136] . The results on the proline substitutions indicate that with the exception of Pro-28, which displays some defects upon substitution (see also below), these residues are not important for the transport function. The activity of the Pro mutants is principally determined by the hydrophobicity and/or the size of the side-chain of the substituent [136] .
The intrinsic fluorescence of tryptophan residues and the possibility to use this property to obtain information about the structure of a protein has led to the engineering of a Trp-less LacY protein [138] . The mutant protein, devoid of all the tryptophan residues, retains more than 70% of the activity of the wild-type protein, indicating that tryptophans have no essential role in the function and structure of LacY. By analyzing various substitutions for Trp-33, this residue has, however, been implicated in sugar recognition [282] . Each of the 14 tyrosine residues of LacY have been replaced with phenylalanine, and the effects of the mutations have been analyzed [283] . Although substitution of some of the residues (Tyr-26, Tyr-336 and Tyr-382) affects the overall performance of the protein, the Tyr-236 substitution has the most significant effects. LacY(Y236F) catalyzes lactose exchange with a rate 40% the wild-type but does not catalyze uphill transport or efflux down a concentration gradient [283] . Substitutions of Tyr-236 have also been isolated as sugar specificity mutants (see below).
Mutations in putative Helix I of the Lacy protein have been analyzed with respect to the ability of the mutant proteins to bind and translocate galactosides [284] . The mutants G24E and P28S bind normal amounts of NPG with K~ pp values somewhat lower than that of wild-type LacY, but transport with less than 5% the wild-type activity. The G24R mutant and two double mutants G24R/P28S and G24E/P28S also bind normal amounts of NPG and do accumulate galactosides to measurable levels; however, the rate of influx is about 0.01% of the wild-type. Not only influx but also efflux down a concentration gradient and exchange are greatly reduced. From these data and the accessibility of the galactoside binding site in rightside-out and inside out membrane vesicles, it is concluded that the mutations affect the isomerization of the ternary carrier-substrate-proton (CSH) complex [284] . Recent studies in which varying numbers of amino acids have been deleted from the aminoterminus of LacY have indicated that the first 22 amino acids, corresponding with the N-terminal half of the first putative transmembrane a-helix are not essential for transport [154] . This suggests that the effect of the G24R and G24E (and P28S) mutations on transport is due to disruption of the protein structure upon introduction of bulky charged residues in a transmembrane segment rather than to a specific requirement for Gly at this position.
VII-E. Cation and substrate specificity mutants
Using random mutagenesis techniques in combination with selection for specific phenotypes, rather than employing site-directed mutagenesis, a variety of cation and/or substrate specificity mutations have been isolated in LacY, MelB and PutP. Instead of discussing each of these mutants, which often have only partially been characterized, the positions of the residues that affect the cation selectivity and/or substrate recognition of LacY and MelB will be summarized (Fig. 8A,B) .
out Also included in the figure are the site-directed mutants that have turned out to be sugar and/or cation specificity mutations. The criteria for assigning a role in substrate and/or cation recognition to a specific residue are based on in vivo selection for amino acid substitution(s) at that particular position, and in case of site-directed mutants a significant (at least 3-fold) change in the apparent affinity constants K~ ppor "' Mr"aPP for natural sugars (true K o and K M values are often not available). Since KD values for high-affinity binding of aNPG to LacY most likely reflect changes in the second 'regulatory' sugar binding site, rather than diagnosing the 'catalytic' sugar binding site (see subsection VII-C), amino acid substitutions causing changes in K o for NPG are not shown in Fig. 8A . The LacY protein. Strategies for isolating LacY mutants with interesting phenotypes have largely been based on selection for resistance to inhibition by toxic sugar analogs (e.g., cellobiose, TDG) and the ability to grow on sugars that are not substrates of the wild-type protein (e.g., maltose, sucrose) [285] [286] [287] [288] . Single mutations which cause an increased ability to transport maltose (an a-glucoside; enhanced recognition for maltose, although some mutants also transport faster) are at positions Ala-177, Tyr-236, Thr-266, Ser-306, and Ala-389 [285, [288] [289] [290] [291] . Mutations at position 177 have also been isolated upon selection for growth on sucrose [287] . Almost without exception the mutants that have acquired the ability to transport maltose are highly resistant to TDG (fl-galactoside) and cellobiose (/3-glucoside), and display diminished recognition for /3-galactosides such as lactose and TMG [285] . Furthermore, most of the mutants are highly defective in accumulating galactosides against a concentration gradient whereas downhill uptake and counterflow activities can be normal [289] . The position 236 mutants are defective in uphill and downhill transport, although galactoside-H ÷ symport does occur with a stoichiometry of about 1.
Some of the sugar specificity mutants have been subjected to a second and third round of mutagenesis, and selection on appropriate sugars has been made, e.g., selection for growth on maltose of a mutant that was previously isolated for its TDG-resistant phenotype and vice versa. In this way double mutants have been isolated with mutations at positions 177/236, 177/303,177/306,177/319 and 177/322 306/236, and using double mutants as parent strains the following triple mutants have been obtained A177V/S306T/ Y236N, A177V/K319N/Y236N, A177V/K319N/ Y236H and A177V/K319N/I303F [285, 286, 292] . Interestingly, the mutatable positions remain restricted to a few, i.e., Ala-177, Tyr-236, T266, Ile-303, Set-306, Lys-319, His-322 and Ala-389, suggesting that relatively few residues confer specificity to Lacy protein-sugar complex.
The defect in accumulation against a concentration gradient of most of the mutants varies with the actual replacement that has been made [251, 252, 285] and the conditions at which transport is assayed [251, 254] , indicating that the residues are not obligatory involved in proton translocation. Most likely the mutations that confer an altered sugar specificity to LacY form part of the substrate binding site or indirectly affect the conformation of this domain. The chemical properties of specific residue(s), e.g., alteration in PKA, may also be affected by these mutations. Interestingly, only 8 of such mutations have been isolated even upon repeated selection and differences in the selection protocols. Several of the mutants have alterations at or nearby residues that have been implicated in the energy transduction mechanism (Fig. 8A) , i.e., His-322 (one of the 'proton relay' residues) [252, 253, 293] , Lys-319 which is on the same face of putative helix X as His-322 and Glu-325 [294] , Ile-303 and Ser-306 which are close to Arg-302 (one of the 'proton releay' residues) [248, 255] . Finally, mutations at more than 200 positions in Lacy have been isolated at this moment (Kaback, H.R., personal communication) of which only a few are essential for galactoside-H + symport (Glu-325, and perhaps Glu-269), and a limited number of residues affect the sugar recognition and/or the translocation process in a more or less specific manner (Fig. 8A) .
It is worth emphasizing that, whereas several of the sugar specificity mutants described facilitate sugar uniport, others mediate proton uniport under the appropriate conditions [255, 292, 296] , i.e., these mutations allow isomerizations of the binary carrier-substrate (CS) or carrier-proton (CH) complexes (Fig. 5) . The isomerization steps of the wild-type LacY protein involve the reorientation of the unloaded carrier (C) and the reorientation of the ternary carrier-substrate-proton (CSH) complex. The isomerizations involving CS and CH are (normally) not observed in wild-type carrier proteins although the decreased accumulation levels at relatively high external substrate concentrations, detected even with hydrophilic substrates like lactose and melibiose [89, 295] , indicate that uncoupled transport may not only be restricted to certain mutants. The LacY(A177V) and LacY(A177V/K319N) mutants catalyze uncoupled transport of H + which in case of the single mutant is largely diminished by galactosides, whereas galactosides enhance the level of H + leakage in the double mutant [292, 296] . The LacY(A177V) mutant is markedly defective in accumulating substrates against a concentration gradient, but retains a normal galactoside-H ÷ stoichiometry [289, 297] . The double mutant facilitates galactoside transport with or without H ÷ [298] and it is assumed that in addition to the H + leak that is observed in LacY(A177V) a second leak pathway exists which involves galactoside uptake in symport with a proton followed by exit of the sugar without proton [296] . Apparently, the net H ÷ leak via this second pathway is so large that the addition of non-metabolizable galactosides results in a further dimunition of the zapH across the cytoplasmic membrane rather than in a restoration of the pH gradient as observed with LacY(A177V). The H ÷ leak in LacY(A177V/K319N) is associated with a dramatic inhibition of growth in the presence of TDG which is not observed with LacY(A177V) [296] . Other mutants in which proton leaks have been observed include His, Asn, Phe and Ser substitutions at Tyr-236 [298] , and the triple mutants LacY(A177V/K319N/Y236N), LacY(A177V/K319N/Y236H) and LacY(A177V/ K319N/I303F). Of the triple mutants, the former two exhibit a higher H ÷ leak than LacY(A177V/K319N), whereas the leak is lower in the mutant that has an additional mutation at position 303 [292] .
A mutant designated lacY 54-51, is defective in the accumulation of sugars against a concentration gradient, but exhibits elevated downhill transport of several sugars [299] . This mutant has quite recently been characterized genetically [300] . The mutant lacY gene has been isolated and shown to contain a single base substitution which converts Gly-262 into Cys. In addition to an apparent uncoupling of transport, the G262C substitution results in a dramatically increased sensitivity to sulfhydryl reagents. Gly-262 is located near T266 in putative a-helix VIII and may be close or part of the sugar recognition domain of LacY (Fig. 8A) .
The MelB protein. Strategies for isolating MelB mutants defective in cationic coupling have taken advantage from the fact that melibiose transport is inhibited by high concentrations of Li ÷, which results in inhibition of growth when melibiose is the sole carbon and energy source [301] . Li +-resistant mutants have lost the ability to transport with H ÷, but retain the ability to couple galactoside uptake to Na ÷ [302] . The following substitutions in MelB have been identified: P142S (interhelix loop 4-5), L232F (interhelix loop 6-7), A236T and A236V (helix VII) (Fig. 8B) . In another set of experiments Li+-dependent mutants have been isolated [303] , and these mutants exhibit Na +-and Li ÷-melibiose cotransport but cannot accept H + as coupling ion [303, 304, 305] . Alterations in substrate specificity are also observed in these mutants [304] . In five independently isolated Li+-dependent MelB mutants Pro-122 (helix IV) was replaced with Ser [306] . Interestingly, in the Li+-dependent mutants a second mutation has been found which increases the Na ÷ (Li ÷)/H + exchange activity about 10-fold and the apparent affinity constant for Li + by a factor of 6 [303] . Apparently, upon growth on melibiose mineral medium the large amount of Li + entering the cell via the Li+-dependent MelB mutant protein becomes toxic unless it can be extruded at a high rate via NhaA (or NhaB). The substitutions that confer altered cation specificity to MelB occur at four positions, i.e., Pro-122, Pro-142, Leu-232 and Ala-236 (Fig. 8B ). Of these residues only I_~u-232 is conserved in the LacS protein, whereas Pro-122 has a glycine residue at the equivalent position in LacS [102] .
Melibiose carrier mutants have also been isolated upon growth on melibiose in the presence of an excess of the non-metabolizable galactoside TMG (methyl /3-D-thiogalactopyranoside) [307] . These mutants exhibit impaired TMG recognition properties, and all but one (I61V), out of 70 mutants examined, have acquired Li÷-resistance. That changes in sugar specificity are so frequently accompanied with alterations in cation selectivity and vice versa suggests that both substrates interact cooperatively with the carrier protein. Amino acid substitutions of the 70 mutants occurred at 18 unique positions within the protein and are clustered in three distinct regions, i.e., the amino-terminal end of a-helix I, a-helix IV, and the cytoplasmic loop that has been proposed to connect helices X and XI (Fig. 8B) ; other substitutions are located at position 61 (I61V, helix II) and 236 (A236T and A236V, amino-terminal end of helix VII). Mutations at and near the 236 position have also been isolated by selection for Li + resistance (see previous paragraph). The PutPprotein. A few mutations in the sodium-dependent proline carrier protein (PutP) of E. coli that result in altered cation coupling have been mapped. In one case, the resulting mutant, PutP(R257C), has no activity for proline uptake, but does bind proline with altered sodium ion and proton dependencies of binding affinities [308] . Arg-257 is located in the loop connecting transmembrane a-helices VI and VII. Two mutations causing a lowered affinity for Na + of proline transport and binding have been identified as G22E (a-helix I) and C141Y (a-helix III) [189] . Similarly, it has been reported that cation specificity mutations in putP of Salmonella typhimurium map in the aminoand carboxy-termini of the corresponding protein [309] . Based on these findings and observations that replacement of either Cys-281 or Cys-344 causes complete resistance to NEM [280] , whereas the wild-type PutP protein is inhibited in a substrate protectable manner, a model has been proposed in which Gly-22 (helix I), Cys-141 (helix III), Arg-257, Cys-281 (helix VII) and Cys-344 (helix VIII) are in close contact and form at least part of the cation-binding site [189] . On the basis of some similarity between Na+-solute symporters, a consensus sequence motif (--Gly---Ala .... Leu---GlyArg), corresponding with GlY328-Ala366-Leu371-GlY375Arg376 in PutP, has been implicated in sodium binding [65] . A similar motif has also been detected in the sodium-proton-glutamate symport systems of B. stearothermophilus and B. caldotenax [101] , the proton-dependent glutamate uptake system (GItP) of E. coli [50] , but, for instance, not in the MelB protein of E. coli [310] and the alanine carrier protein of thermophilic bacterium PS3 [311] .
FII-F. Conclusions
Using the data set of the LacY and MelB mutants that have an altered sugar recognition and/or cation coupling, it can be concluded that only a limited number of mutations affect the ligand binding properties of these carrier molecules. If the secondary structure model of LacY is correct (based on 143), the amino acid residues important for sugar recognition/cation coupling are all located in a rather narrow area in the middle of the transmembrane a-helices (Fig. 8A) . Since the repeat of an ideal a-helix is 3.6 residues per turn o and the rise per residue along the helix axis is 1.5 A, the largest distance between these residues in a single helix, i.e., Lys-319 to Glu-325 and Gly-262 to Glu-269 would approximately be 9 and 10.5 .~. One of the sugar specificity residues (Lys-319) and three others (Asp-237, Asp-240 and Lys-358) in close vicinity may form two salt-bridges in the protein which brings the a-helices VII, X and XI in close contact with each other. Furthermore, the residues in a-helices VII, VIII, IX and X, including those that form the salt-bridges, are on one face of the helix. Since most of these amino acids have been identified as residues that affect the substrate specificity of LacY, they are likely to interact with the sugar, which suggests that the corresponding regions of the a-helices face each other (Fig. 9) . Cys-148 has been placed outside of the putative substrate binding site because substitutions at position 148 cause loss of the putative regulatory sugar binding site rather than having an effect on the catalytic one [172, 173, 279] . Substitutions of Cys-148 slow down active transport, but do not affect the coupling reaction. The substrate protectable labeling of Cys-148 with NEM is perhaps due to conformational changes upon binding of galactoside which may bury the cysteine.
Highly refined structures of the liganded forms of the arabinose, galactose and ribose binding proteins of enteric bacteria have revealed that the atomic interactions between the proteins and their substrates primarily consist of hydrogen bonds (for a review, see Refs. 312, 313) . The interactions are formed between the hydroxyl groups of the sugars and polar amino acids with planar side-chains with at least two functional groups capable of forming hydrogen bonds, e.g., Asn, Asp, Glu, Arg, His. As a result a complex network of hydrogen bonds confers specificity and affinity to the protein-substrate complex. Similar observations have been made for the lactose binding site of the E. coli heat-labile enterotoxin [314] . The lactose interacts with the enterotoxin mainly through its galactose moiety. A similar conclusion can be drawn from the analysis of the structural specificity of the LacY protein of E. coli towards sugars [171] . Other features of sugar-binding protein interactions indicate that the carboxylate sidechains of Asp and Glu are important in binding anomers and epimers, and that aromatic residues in the binding sites stack on the sugar ring. Most of the residues implicated in the binding of galactosides by LacY (see Fig. 9 ) meet the criteria of residues that are likely to interact with carbohydrates.
As shown by the constraints imposed by the saltbridges between a-helices VII-X and VII-XI in LacY (Fig. 9) , a few more salt-bridges, that can possibly be created by engineering charged residues at appropriate positions in transmembrane segments and selection for appropriate second-site revertants, could further improve the structure model. The narrow area in which the sugar specificity/proton coupling residues are positioned in the secondary structure model of LacY (Fig.  8A) suggests that the protein barrier that needs to be traversed by the substrate and proton is actually much thinner than the full thickness of the protein.
The implications of such a model are that perhaps only a limited number of residues are directly participating in sugar and proton translocation, which is in line with a single substrate binding site alternately exposed to the outer and inner surface of the membrane [12, 173, 315] . It is worth emphasizing that so far only Glu-325 appears absolutely essential for proton coupled translocations.
The residues that constitute the putative sugar binding site of LacY include Lys-319 ('salt-bridge') and the residues His-322 and Glu-325 that are important for the coupled transport of galactosides and protons. A similar region has been identified in the lactose transport protein (LacS) of some lactic acid bacteria (Fig. 7) , and the properties of these residues in LacS resemble those in LacY. This would suggest that these residues in LacS are located in a similar transmembrane segment. However, the region around Lys-373, His-376 and Glu-325 in LacS is much more hydrophilic and predicted to be in a cytoplasmic loop between a-helices X and XI [125] . Since most of the amino acid substitutions that confer an altered sugar specificity/cation selectivity to MelB, homologue of LacS, reside in a similar loop between a-helices X and XI (Fig. 8B) , we propose that in LacS and MelB this region is located near the head groups of the lipid bilayer or perhaps forms part of the interior of the protein in order to fulfil its catalytic function.
When mutants, selected on the basis of an altered sugar specificity, are also affected in cation recognition and vice versa one could conclude that the sugar and cation binding sites overlap physically. On the other hand, King and Wilson [21] have pointed out, on thermodynamic grounds, that mutations in a substrate binding site should not only affect sugar binding, but also have a secondary effect. Kinetic effects of a particular substitution reflect an alteration of rate constants of a rate-limiting step, which is related to the Gibbs free energy differences (ziG) between stable intermediates and the unstable transition states separating the intermediates of such a step. Since the sum of all Gibbs free energy changes around the translocation must equal zero, an increase in ziG of one step should be associated with a similar decrease in ziG of one or more other steps which could be observed as a secondary effect. Therefore, the high coincidence of mutational double-effects in LacY and MelB involving the sugar and cation may not reflect real structural and/or energetic linkages between the sugar and cation binding sites [21] .
VIII. Interaction with other proteins
Transport of lactose, melibiose and maltose, as well as the activity of glycerol kinase, is regulated in E. coli and S. typhimurium not only at the level of gene expression (catabolite repression) but also at the level of the protein (catabolite inhibition or inducer exclusion) [316, 317] . The dual regulation allows an instantaneous reponse of the organism to the presence or absence of a specific sugar (inducer exclusion) and a slow response which involves switching on/off the expression of certain genes (catabolite repression). The phosphoenolpyruvate:sugar transferase system (PTS) is involved in both processes, and the regulation is mediated by the phosphorylation state of the phosphoryl transfer protein (IIA, previously enzyme III or III Glc) [316, 318, 319] . The result of this regulation is that when E. coli or S. typhimurium grows in the presence of either lactose, melibiose, maltose or glycerol plus glucose, diauxic growth is observed with glucose being utilized first in each case.
In the present review only regulation by catabolite inhibition or inducer exclusion will be discussed which involves the mechanism that controls allosterically a number of transport proteins (enzymes). The inducer exclusion mechanism affects secondary transporters such as LacY and MelB [320] [321] [322] , the binding protein-dependent ATP-driven transport system for maltose [323] and the cytoplasmic enzyme glycerol kinase [324] , whereas various other (secondary) sugar transport systems such as GalP and XylE are not under control. In membrane vesicles, and purified LacY protein reconstituted into proteoliposomes, IIA binds stoichiometrically to LacY only in the non-phosphorylated form [320, 321] . The binding of IIA to the lactose carrier is enhanced by the presence of galactosides, and, accordingly, binding of IIA causes a decrease in the K~ pp for galactosides (aNPG). Most importantly, however, binding of IIA to the lactose carrier causes inhibition of galactoside transport, and this inhibition has been interpreted as the molecular basis for inducer exclusion. In a similar manner IIA affects glycerol kinase, i.e., it binds to and inhibits purified glycerol kinase only in the presence of glycerol [324] , and most likely also the melibiose and maltose transport proteins.
How does inducer exclusion occur in vivo? The PTS catalyzes phosphoryl transfer from phosphoenolpyruvate (PEP) to sugars (e.g., glucose) via a number of energy coupling proteins. Under conditions that the cell is metabolizing at a high rate a PTS sugar, IIA ~ P (phosphorylated by HPr ~ P) is rapidly dephosphorylated as a consequence of phosphoryl transfer to the sugar. Under these conditions IIA is largely in the non-phosphorylated form [325] which inhibits LacY and other transporters as indicated above. In the absence of PTS sugars IIA remains phosphorylated by HPr ~ P since the phosphoryl group cannot be transferred to a sugar, which relieves inhibition of LacY, MelB, MalK (peripheral inner membrane protein of the maltose transport system) or glycerol kinase. Since interaction of IIA with LacY or one of the other systems requires the presence of substrate, IIA does not have to bind to each of these systems at the same time, which prevents escape from inducer exclusion by depletion of IIA. Furthermore, in the absence of appropriate substrate (inducer) the level of expression of the transport systems will be low.
Mutations have been isolated that render LacY of E. coli [326, 327] , MelB of S. typhimurium [322] , and MalK of E. coli [323, 328] resistant to inducer exclusion, i.e., to inhibiton by PTS sugars. These mutations correspond to T7I, MllI, A198V and $209I in LacY (Fig. 8A, arrows) , and D438Y, R441S and I445N in S. typhimurium MelB (Fig. 8B, arrows) . The Asp-438, Arg-441 and I1e-445 are conserved in the MelB proteins of E. coli, S. typhimurium and K~ pneumoniae [54, 105] , and this region in each of the MelB proteins can be expected to interact with IIA. This region also exhibits some sequence similarity with a portion of MalK in which substitutions of amino acid residues result in a PTS resistant phenotype [322] . Two other amino acid substitutions in MalK of PTS-resistant mutants have been identified in a region that shows some similarity to a part of the central loop of MelB (Fig.  8B, open arrow) , suggesting that, in addition to the carboxy terminus, also the large cytoplasmic loop between a-helices VI and VII interacts with IIA. Finally, sequence homology between the central loop of LacY and part of MalK, containing mutations that lead to resistance to PTS sugars, has been detected [328] .
The lactose transport proteins (LacS) of S. therrnophilus and L. bulgaricus differ from other secondary transport proteins by having a domain homologous to IIA of various PTS attached to the carboxy-terminal end of the carrier domain [102] . The IIA domain has several structural features in common with the corresponding PTS proteins and can be phosphorylated in the presence of PEP, I (enzyme I) and H (HPr) proteins [125] . It most likely serves a regulatory role in the LacS carrier-domain mediated translocation of galactosides.
Galactoside (TMG) transport has been studied in the heterofermentative lactobacilli LactobaciUus brevis and Lactobacillus buchneri [329] . In the presence of arginine as exogenous energy source, TMG is accumulated by these cells most likely via a galactoside-H ÷ symport mechanism. Addition of glucose results in a 33 rapid efflux of TMG, and it has been suggested that glucose converts the ion-linked transporter into an uniport mechanism [329] . Since addition of glucose will affect the phosphorylation state of the energy coupling proteins of the PTS, it is conceivable that (de)phosphorylation of a domain similar to IIA in LacS mediates the apparent conversion in transport mechanism. If a similar mechanism is indeed operative in S. thermophilus (and L. bulgaricus), it would require phosphorylation of the IIA domain of LacS to affect the catalytic mechanism since the non-phosphorylated protein is competent in catalyzing all modes of facilitated diffusion, i.e., galactoside-H ÷ uptake and efflux as well as exchange, in membrane vesicles and proteoliposomes [89, 125] . Moreover, the IIA domain can be removed without affecting the facilitated diffusion properties of LacS (Poolman, B., unpublished results).
IX. Concluding remarks
Most of the secondary ion-solute or solute-solute coupling mechanisms, that can be thought of, have been found in bacteria (see Fig. 1 for a summary of this diversity). Although not each of these secondary transporters has been studied to the same extent, several systems that differ in direction of transport, ion-or solute coupling, and/or regulation of transport have been studied in great detail (Table I ). The genes have been isolated, the primary sequences have been determined, methods have been applied to obtain information about the secondary structure, and in a number of cases the proteins have been isolated and purified to homogeneity. Analysis of the primary structures of a large number of proteins (probably more than 100 sequences of secondary transport proteins are available to date) has revealed a striking similarity in the overall structures of these transporters, suggesting that the proteins may function via similar mechanisms. Furthermore, although sequence comparisons may place transport proteins into distinct families, some cross-relatedness between individual members of different families is often observed which is indicative of a common ancestral gene for many (or perhaps all) of these proteins.
Despite significant information about the primary and secondary structures of the secondary transport proteins, virtually nothing is known about the tertiary structures. To obtain structure/function information of the transport proteins, mutant proteins have been isolated either on basis of sequence homology, properties of certain amino acids in relation to their location in the putative secondary structure, or by selection for a specific phenotype. Most of these are LacY or MelB mutants, and the results indicate that only a limited number of amino acid substitutions significantly affect the sugar recognition and/or cationic coupling of these transporters (see Fig. 8A, B) . Apparently, a large number of substitutions are permitted which do not affect the solute binding and/or the translocation process not even via long distance changes in the overall structure, and most likely many of these amino acid residues face the membrane bilayer. It is worth emphasizing that, sofar, of the large collection of LacY mutants available only a single residue, i.e., Glu-325, appears essential for all H + coupled transport reactions. Glu-376 in LacS and Asp-285 in TetA may have (a) similar role(s) in the corresponding transporters. Other positions have been implicated in energy transduction by LacY; however, the degrees at which H ÷ coupled transport is affected depend on the substitution, the substrate used and/or the specific reaction conditions. The LacY, PutP, NhaA proteins of E. coli, OxlT of O. formigenes and the alanine carrier protein of thermophilic bacterium PS3 have been purified to homogenity and characterized upon functional incorporation into liposomes. These studies have established that a single polypeptide is responsible for the translocation process, and have demonstrated rigorously the mechanism of energy coupling and substrate specificity of these systems without possible interference of additional (transport) proteins. So far, in each case where appropriate and defined host strains have been available the studies on the purified and reconstituted proteins have not revealed mechanistic properties that had not (or could not have) been detected in membrane vesicles or proteoliposomes obtained from crude membrane detergent extracts. The purified proteins can be used for advanced biochemical and spectroscopical analysis, especially when combined with the construction of appropriate mutants, but this type of study is only beginning to emerge. Strikingly, only limited information is available on the interaction of the transport proteins with the lipid bilayer. The lipid requirement has been analyzed in a few cases, but these studies mainly involve proteoliposomes prepared from crude membrane protein extracts rather than employing purified proteins. Finally, one aspect of secondary transporters, or even polytopic membrane proteins in general, that is largely not understood is the mechanism by which the polypeptides insert into the cytoplasmic membranes and assemble into functional proteins.
